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Abstract  
Lactoferrin (Lf), a glycoprotein, is capable of exerting many health beneficial effects on humans 
and is attracting increasing attention as a food ingredient. However, the beneficial effects can be 
compromised when Lf is exposed to different processing, storage and gastro intestinal conditions. 
Encapsulating Lf in a suitable carrier material, alginate – a natural polysaccharide, can be a 
potential option to overcome these drawbacks.  
The aim of this thesis is to develop a stable Lf carrier system which can withstand the physical, 
chemical and biological encounters and still be delivered intact to the targeted sites for its proper 
absorption and utilization. Firstly, the characterization of Lf was conducted to understand its 
physico-chemical properties. Interactions occurring between Lf and alginate in their mixtures were 
studied to uncover their compatibility. Macro-beads were produced by gel extrusion method from 
Lf-alginate mixtures through a needle into a cross-linking bath (CaCl2).  These beads were 
characterized to optimize the encapsulation process and based on this, micro-gel particles were 
prepared using the impinging aerosol technique (Progel) where the fine droplets of Lf-alginate 
mixtures were allowed to come in contact with the uprising fine mist of a CaCl2 solution. Finally 
the stability and in-vitro release properties of encapsulated Lf were investigated to verify the 
hypothesis.   
Lf has the ability to bind 2 moles of iron per mole of Lf (1.4 mg iron/g Lf). Different forms of 
bovine Lf differing in their level of iron saturation, apo- (0.9%), native- (12.9%) and holo- (99.7%) 
were characterized for their physico-chemical properties using Chromameter, Differential Scanning 
Calorimeter, Circular Dichroism Spectropolarimeter, Nima Tensiometer, NanoS Zetasizer and 
Rheometer. It was found that the forms of Lf in solution exhibit differences in their physico-
chemical properties in most of the cases such as colour, thermal properties, tertiary structure, 
surface tension, particle charge properties and rheological behaviour.  
In order to develop a simple yet reliable instrumental method to determine the level of iron 
saturation in Lf samples, a correlation between the level of iron saturation and the changes in the 
numerical values achieved for the different parameters (colour intensity, denaturation enthalpy and 
molar ellipticity) was established. The chromametric method, which simply measures the colour of 
the Lf in solution was found to be the most suitable technique to determine the level of iron 
saturation of Lf. The DSC and CD methods, which are based on the changes in molecular 
conformational structures of Lf, were not able to determine the iron saturation level beyond 75% 
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saturation. Based on the results, it was found that the mono- and di-saturated Lf display similar 
thermal stability which was greater than that for un-saturated Lf.   
The interaction between Lf and sodium alginate is of importance for understanding the 
compatibility between these two biopolymers. Thus, interactions between Lf (apo-, native- & holo-) 
and sodium alginate in aqueous solution were evaluated at different ratios in the pH range of 4 − 7. 
FTIR spectra indicated that the intermolecular interactions arising between the Lf and alginate were 
from the involvement of COOˉ moieties of alginate. The ζ-potential values supported that 
electrostatic interactions between the positively charged Lf and negatively charged alginate 
occurred in solution (pH 4 − 7). Due to this interaction the apparent viscosity of the mixture 
increased in comparison to the controls. In addition, the thermal denaturation temperature of native- 
and holo-Lf increased as a result of the interactions involved.  
For successful encapsulation of Lf in alginate by the gel entrapment method using calcium as a 
cross-linking ion, an evaluation of the effectiveness of Lf retention and gel structure is crucial. To 
produce a stable gel structure, a minimum of 40% alginate was required in the mixture. The water 
holding capacity, calcium adsorption and the elastic modulus of the gel beads were affected by the 
mixing ratio but not by the forms of Lf used. The leaching of Lf from the gel beads did not exceed 
9% of the initial Lf content in 42 days (pH 4 − 7) and was affected by the forms of Lf used.  
The Progel technique produced micro-gel particles having a mean size range (volume weighted) of 
30 – 80 µm. To understand the stability and release properties of Lf from the micro-gel particles, an 
in-vitro digestion study was conducted in simulated gastric and intestinal fluids using pepsin and 
pancreatin (Porcine) enzymes respectively. The in-vitro study showed that significantly higher 
amounts of apo- and native-Lf were retained in the simulated gastric conditions up to 2 hours as 
compared to Lf alone. The Lf was released from the micro-gel particles instantly in the simulated 
intestinal conditions where it was digested by the pancreatin.   
Findings from this research have contributed significantly to the fundamental understanding of Lf-
alginate interactions and encapsulation of Lf in micro-gel particles using a semi-continuous Progel 
technique. This work eventually forms the basis for the production of encapsulated Lf for its use in 
diverse food products. 
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CHAPTER 1. 
INTRODUCTION 
 
1.1 Background 
Lactoferrin (Lf) is a non-heme iron-binding glycoprotein found in milk (Satuѐ-Gracia, Frankel, 
Rangavajhyala, & German, 2000; Wakabayashi, Yamauchi, & Takase, 2006). Each Lf is composed 
of two lobes, a C-lobe and an N-lobe, and each lobe is made up of two sub-lobes. In the presence of 
(bi) carbonate, ferric iron will tightly bind to Lf (Steijns & van Hooidijdonk, 2000) such that, one Lf 
is able to bind 2 ferric irons (Conesa et al., 2008). The affinity of Lf for iron is very high, with an 
affinity constant (KD) of about 10-20 M (Moore, Anderson, Groom, Haridas, & Baker, 1997).  Lf 
with less than 5% iron saturation is called ‘apolactoferrin’ while the iron-saturated lactoferrin is 
known as ‘hololactoferrin’. Generally, the natural form of bovine Lf is in a salmon pink colour with 
15 – 20% iron saturation (Steijns & van Hooidijdonk, 2000). In addition, Lf has very high 
isoelectric point (pI) at around 8 – 9 due to a unique basic region in the N-terminal. These cationic 
N-terminal regions enable Lf to bind many acidic molecules and cell surface molecules such as LPS 
(lipopolysaccharide) of bacteria. This affects the physiological properties of Lf (Brock, 2002).   
It is known that Lf provides tremendous health benefits for humans and animals (Wakabayashi et 
al., 2006). Its physiological functions are not only the results of the strong iron-binding properties 
but also involve non-iron related functions. The examples of health benefits of lactoferrin are 
anticancer, anti-inflammatory, antimicrobial, antitumor, immunomodulatory effects, stimulation of 
a beneficial gut microflora, antioxidant and transcriptional activation (Brock, 2002; Wakabayashi et 
al., 2006). These benefits enable Lf to be a potential supplementation not only in commercial food 
products (ie. infant milk, supplemental tablet, yoghurt, skim milk, and drinks) but also in other 
products such as skin and oral care products (Wakabayashi et al., 2006). However, it is widely 
known that Lf can be easily denatured by heat treatment (Abe et al., 1991). In addition, the presence 
of metals, salts, changes in pH, temperature and conductivity can affect the functional properties of 
Lf. Moreover, processing conditions including storage, freezing/thawing, and freeze or spray drying 
could affect lactoferrin’s activities (Naidu, 2006), thereby limiting its applications. 
2 
 
Alginate is a natural polysaccharide which has the ability to retain water, form viscous solution, 
stabilize aqueous mixtures and form gels. Therefore, it has been used in food preparations as 
thickeners, emulsifiers, gelling and stabilizing agents (Brownlee et al., 2005). It consists of 1→4 
linked β-D-mannuronic (M) and α-L-guluronic acid (G) residues in varying degrees in the form of 
units of M-blocks, G-blocks and MG-blocks interspersed in alternating blocks with no regular 
repeating sequence (Draget & Taylor, 2011). Lately, its property to selectively bind di- or multi-
valent ions to form gels under very mild conditions has been exploited for biotechnological and 
biomedical applications such as encapsulation and immobilization of active agents (Smidsrød & 
Haug, 1967; Martinsen, Storrø, & Skjårk-Bræk, 1992).  The alginate gels formed comprises a 
network of different sized pores, which allows the active agents trapped within it to diffuse out 
(Andresen, Skipnes, Smidsrød, Ostgaard, & Hemmer Per, 1977). These mechanical and swelling 
properties are affected by the composition (M:G ratio), block-structure and molecular weight of the 
alginate used (Draget & Taylor, 2011). Apart from gel forming property, alginates also possess ion 
exchange properties because of the presence of the carboxylic groups which are able to interact with 
cationic protein molecules electrostatically to form complexes (Zhao, Li, Carvajal, & Harris, 2009). 
Alginate is relatively inert, economic and easy to handle. Because of these characteristics, it is being 
used by food and pharmaceutical industries as an effective encapsulation matrix for encapsulation 
of drugs (Lee & Mooney, 2012), proteins (Gombotz & Wee, 1998), cells (Orive et al., 2009) and 
oligonucleotides (Ferreiro, Tillman, Hardee, & Bodmeier, 2002).Alginates exhibit many beneficial 
physiological actions in the human body yet are not digested in the human gastro intestinal tract 
(Michell, Barry, Bonnet, Lahaye, & Mabeau, 1996). 
Encapsulation is a process that involves entrapment of core material such as food ingredient, cells, 
enzymes, or other active agents into the wall materials either forming a single-particle structure 
with a shell surrounding the core material or a matrix structure with the core materials dispersed 
throughout the wall material (Zuidam & Shimoni, 2010). Encapsulation technology is widely used 
for various food applications such as stabilizing food compounds, controlling oxidative reactions, 
sustained or controlled release of active ingredients (probiotics, minerals, vitamins, phytosterols, 
enzymes, fatty acids and antioxidants), masking unpleasant flavours and odours, or to provide 
barriers between the sensitive bioactive materials and the environment (Manojlović, Nedović, 
Kailasapathy, & Zuidam, 2010). 
Lactoferrin can be encapsulated in an alginate matrix. The encapsulation of Lf in an alginate matrix 
involves entrapment of Lf within the alginate gel structure formed by the action of gelling agents, 
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typically cations (Ca2+). Lf being a strong cationic protein (pI ~ 8.0 – 9.0) (Baker, 2005; Brisson, 
Britten, & Pouliot, 2007; Ye & Singh, 2007) can potentially compete with calcium ions for 
available carboxylic acid sites on the alginate chain which might also lead to complex formation 
(Zhao et al., 2009) prior to gelling. Several researches have reported that electrostatic interactions 
do occur between the negatively charged alginate and positively charged proteins (Wells & 
Sheardown, 2007; Schmitt & Turgeon, 2011) including Lf (Peinado, Lesmes, Andrés, & 
McClements, 2010) leading to sustained release from the gel system.  Thus, encapsulation of Lf in 
an alginate gel can be a potential method to produce stable encapsulated Lf which can withstand 
different processing as well as human gastro intestinal tract conditions and can have sustained 
release properties.  
In the past, the research on Lf has been focussed on its biological activities for pharmaceutical 
purposes. In addition, its commercial applications have been limited to its native form as a food 
supplement for infant formula, supplement tablets, yogurt, skim milk, drinks and pet foods. Recent 
studies have emphasized its emulsifying and stabilizing properties in oil-in-water emulsions (Ye & 
Singh, 2007; Tokle, Lesmes, & McClements, 2010; Tokle & McClements, 2011). Very few studies 
have been conducted to develop Lf as a food ingredient with enhanced technological properties 
(thermal stability, acid resistant, sustained release, better absorption) and for use in food 
formulations to benefit a larger section of the population.  
1.2 Research aims and objectives 
The aim of this study is to investigate the encapsulation of Lf in alginate micro-gel particles in order 
to enhance its heat stability, stability in harsh acidic environment in the simulated gastro intestinal 
fluid, and to achieve a targeted delivery.  
To achieve the aim of this research, the following specific objectives were set: 
i. To characterize the physico-chemical propertiesof different forms of bovine Lf. 
ii. To investigate the potential of different techniques, DSC, CD and Chromameter to evaluate 
the level of iron saturation in Lf. 
iii. To study the interactions between apo-, native- and holo-Lf with alginate in aqueous 
solution at different pH. 
iv. To optimize the gel encapsulation method for Lf encapsulated alginate macro-beads and 
study its stability at different pH. 
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v. To study the stability and release properties of encapsulated Lf from alginate micro-gel 
particles produced using Progel technique in simulated gastric and intestinal fluids. 
1.3 Hypothesis 
The overall hypothesis of this study is that the alginate gel entrapment encapsulation process of Lf 
can produce Lf-micro-gel particles stable in acidic and gastric (enzyme pepsin) conditions and with 
sustained release properties in gastric conditions.   
1.4 Expected outcomes and further applications 
From this work, a well-defined gel entrapment encapsulation methodology for Lf in alginate micro-
gel structures both beads and particles will be developed. The Lf encapsulates will have an 
enhanced stability towards different pH and simulated gastro intestinal conditions to ensure 
successful delivery of biologically active Lf to the targeted sites. In addition, the commercial 
application of encapsulated Lf will extend beyond the traditional products.  This might enhance the 
use of Lf as a food component rather than drugs for the betterment of the human health. 
1.5 Outline of the Dissertation 
There are eight chapters in this thesis. The first chapter (Chapter 1) is a general introduction to the 
research. The second chapter (Chapter 2) includes the literature review. The research conducted for 
the project is presented in five consecutive chapters from Chapters 3 to 7 and are presented in a 
format of journal manuscripts. The final chapter (Chapter 8) is a general conclusion. It also provides 
recommendations for future works related to this research. 
Chapter 1:  
This chapter provides the background for the need to conduct the research. It explains the physical 
and chemical properties of lactoferrin, alginate and encapsulation in general and how this thesis will 
explore how encapsulating lactoferrin in alginate microgels can enhance its technological properties 
which can lead to the development of a stable product for safe processing and controlled delivery as 
a food ingredient.   
Chapter 2:  
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This chapter covers the review of literatures related to lactoferrin (Lf) as a bioactive ingredient, 
alginate as a carrier or matrix material and encapsulation as a technological process. It also provides 
insights into controlled delivery systems and release mechanisms related to encapsulation.  
Chapter 3:  
This chapter comprises of the results from the research work related to characterisation of the 
physico-chemical properties of different forms (apo-, native- and holo-) of bovine lactoferrin. 
Characterization of Lf is done based on physical and chemical analysis of colour (Chromameter), 
surface tension (Tensiometer), thermal properties (Differential Scanning Calorimetry), surface 
charge (NanoS Zetasizer), rheological behaviour (Rheometer) and secondary structure (Circular 
Dichroism). The relationship between the different forms of Lf and their physico-chemical 
properties are also explored based on the level of iron saturation. This chapter has been published as 
an original research paper in a peer reviewed journal Food Chemistry (Bokkhim, H., Bansal, N., 
Grøndahl, L., & Bhandari, B. (2013). Physico-chemical properties of different forms of bovine 
lactoferrin. Food Chemistry, 141(3), 3007-3013). 
Chapter 4: 
This chapter deals with fabrication of Lf with different iron saturation levels and an evaluation of 
different methods used to determine the level of iron saturation in bovine lactoferrin. Changes in the 
physico-chemical properties of Lf with the increasing level of iron saturation are analysed by 
Chromametric (colour parameters), DSC (denaturation enthalpy) and CD (molecular conformation). 
The iron saturation predictability of each method is assessed. Based on their numerical values, a 
relatively reliable method for the determination of iron level of Lf is recommended.  This study also 
provided data to further the understanding of the mechanism of iron binding by Lf. This chapter has 
been published as an original research paper in a peer reviewed journal Food Chemistry (Bokkhim, 
H., Tran, T., Bansal, N., Grøndahl, L., & Bhandari, B. (2014). Evaluation of different methods for 
determination of the iron saturation level in bovine lactoferrin. Food Chemistry, 152(0), 121-127).  
Chapter 5: 
This chapter covers a study of the interactions between the different forms of Lf and sodium 
alginate in solution. The interactions are evaluated based on the results achieved from Fourier 
Transform Infra-Red (FTIR), CD, Zetasizer, gel electrophoresis (Native-PAGE), rheometer and 
DSC. This chapter has been published as an original research paper in a peer reviewed journal Food 
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Hydrocolloids (Bokkhim, H., Bansal, N., Grøndahl, L., & Bhandari, B. (2015). Interaction between 
different forms of bovine lactoferrin and sodium alginate affect the properties of their mixtures. 
Food Hydrocolloids 48(0), 38-46). 
Chapter 6: 
This chapter includes the process optimization of the gel entrapment method along with the 
characterization of the alginate-Lf beads produced. It probes the importance of intrinsic bead 
properties such as calcium and water content, as well as extrinsic parameters such as cross-linking 
time and mixing ratio in the formation and stability of Lf encapsulated beads. It also determines the 
encapsulation efficiency by measuring the loss of Lf during cross-linking process. Leaching of Lf 
from gel beads in water at various pH conditions was also analysed to determine the effectiveness 
of gel entrapment encapsulation process.This chapter has been published as an original research 
paper in a peer reviewed journal Food Hydrocolloids (Bokkhim, H., Bansal, N., Grøndahl, L., & 
Bhandari, B. (2014). Characterization of alginate-lactoferrin beads prepared by extrusion gelation 
method. Food Hydrocolloids. doi: http://dx.doi.org/10.1016/j.foodhyd.2014.12.002). 
Chapter 7: 
This chapter presents the upscaling of the gel entrapment method to produce Lf-alginate micro-gel 
particles using the Progel encapsulator and the stability of the particles in a simulated human in-
vitro digestion experiment conducted in the presence of gastrointestinal enzymes: pepsin (gastric) 
and pancreatin (intestine). Three forms of Lf were used in this research and their stability was 
compared. This chapter has been accepted for publication as an original research paper in a peer 
reviewed journal Food Hydrocolloids (Ref. FOODHYD-D-15-00246). 
Chapter 8: 
This final chapter includes a general conclusion and recommendations for future studies in the 
subject matter. 
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CHAPTER 2. 
LITERATURE REVIEW 
 
2.1 Lactoferrin 
Lactoferrin (Lf) is a non heme iron-binding glycoprotein of the transferrin family, found in various 
biological fluids of mammals. It is most abundantly found in mammalian milk and was first 
reported in bovine milk in 1939 by Sørensen and Sørenson and was initially isolated from bovine as 
well as human milk in 1960 (Groves, 1960). Later it was reported in different mammalian exocrine 
secretions such as tears, nasal exudates, saliva, bronchial and cervico-vaginal mucus, seminal 
plasma and gastrointestinal fluids (Marnila & Korhonen, 2009). According to Brown and Parry 
(1974), Lf resembles serum protein, transferrin, and the egg-white protein, ovatransferrin. The 
amounts of the Lf present in various biological fluids are shown in Table 2.1.  
   Table 2.1. Occurrence of Lf in biological fluids 
Biological fluids Amounts reported 
Colostral breast milk >7mg/ml 
Mature breast milk >1-2mg/ml 
Tear fluid >2.2mg/ml 
Seminal plasma >0.4-1.9mg/ml 
Synovial fluid >10-80µg/ml 
Saliva >7-10µg/ml 
Cow’s colostral whey >1.5mg/ml 
Cow’s milk >20-200µg/ml 
   (Steijns & van Hooijdonk, 2000, p. S12) 
Lactoferrin is considered to be an important host defence molecule and exhibits a diverse range of 
physiological functions such as antimicrobial/antiviral activities, immune modulatory activity and 
antioxidant activity (Wakabayashi, Yamauchi, & Takase, 2006). These activities are possible due to 
its capacity to bind iron and its ability to interact with molecular and cellular components of hosts 
as well as pathogens (GarcÍa-Montoya, Cendόn, Arévalo-Gallegos, & Rascόn-Cruz, 2011).  
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2.1.1 Structure 
Lactoferrin, is composed of a single polypeptide chain. The molecular mass, number of amino acids 
and number of glycans may vary depending upon the species and the degree of glycosylation. 
Human Lf has a molecular mass between 77,000 Da to 82,000 Da, contains 691 amino acids and 2 
glycans while bovine Lf has a molecular mass between 80,000 Da to 88,000 Da, contains  689 
amino acids and 4 glycans (Spik, Strecker, Fournet, Bougeulet, & Montreuil, 1982; Steijns & van 
Hooijdonk, 2000). According to Mela, Aumaitre, Williamson and Yakubov (2010), the dimensions 
of Lf are ~ 4.0 nm X 5.1 nm X 7.1 nm based on lattice cell parameters data. FTIR spectroscopic 
studies revealed that the secondary structure of different Lf comprise of 43 – 53% α-helix and 23 – 
28% β-sheet (Hadden, Bloemendal, Haris, Srai, & Chapman, 1994). 
Each Lf is folded into two homologous globular lobes, N and C-lobes representing the N and C-
terminals of the molecule, respectively. These two lobes are connected by a short α-helix peptide. 
Each lobe is composed of two sub-lobes or domains, referred to N1 and N2 or C1 and C2. The iron 
binding sites of Lf lies within the deep clefts formed between the N1 and N2 and C1 and C2 sub-
lobes and are capable of reversibly binding a ferric ion (Fe3+) (Figure 2.1A). Because of the 
presence of three distinctively positively charged regions (at the N-terminus, along the outside of 
the first helix and in the inter-lobe region closed to the connecting helix) (Figure 2.1B), Lf 
demonstrates a strongly cationic nature and a very highisoelectric point (pI ~ 8.0 – 9.0) (Baker, 
2005; Brisson, Britten, & Pouliot, 2007).  
In bovine Lf, N1 stands for the sequences 1 – 90 and 251 – 333, N2 for 91 – 250, C1 for 334 – 431 
and 593 – 676 and C2 for 432 – 592, while the α-helix peptide consists of the sequence 334 – 344. 
Research has shown the presence of five potential sites for N-bound glycan structures in bovine Lf 
yet only four N-linked glycans have been found so far. The sugars found in bovine Lf are N-
acetyllactosamine, N-acetylglucosamine, galactose, fucose, mannose and neuraminic acid. Research 
has also shown that the attachment of these carbohydrates to Lf reduces its susceptibility to 
proteolysis and thermal denaturation (Moore, Anderson, Groom, Haridas, & Baker, 1997).  
12 
 
 
Figure 2.1 (A) Crystal structure of bLF. The secondary structure is highlighted with blue representing β-sheets 
and red and orange representing the α-helices. The region contained in LfcinB is shown in green (Hunter, Gifford, 
& Vogel, 2005). (B) The areas of positive charges in Lactoferrin (domains in blue); lower left depicts the N-
terminus with outside of the first helix and the upper middle depicts the region around the connecting helix (Baker 
& Baker, 2005). 
2.1.2 Biochemical properties 
2.1.2.1 Iron binding 
Every Lf essentially has two identical metal and anion binding sites, one in each lobe which each 
comprises four protein ligands, two tyrosine, one aspartic acid and one histidine. These four ligands 
provide three negative charges to balance the positively charged Fe3+, together with positively 
charged N-terminus and arginine side-chain to balance the negative charge on the CO32- anion 
(Baker & Baker, 2009). This CO32- ion non-protein ligand plays an important role in the binding 
and release of an iron (Baker & Baker, 2004).  Lf has the ability to bind iron with high affinity (KD 
~ 10-20 M) but can also bind many other metal ions with lower affinity (Moore et al., 1997; Baker & 
Baker, 2005; Indyk, McGrail, Watene, & Filonzi, 2007). 
As Lf has the ability to reversibly bind iron, it can exist either in iron depleted also known as ‘apo’ 
form or in iron saturated, ‘holo’ form. Lf with less than 5% iron saturation is generally termed as 
apo-Lf. The partly iron-saturated native Lf is a mixture composed of apo-Lf, holo-Lf but also 
possibly of monoferric Lf species saturated at either their N or C lobe (Brisson et al., 2007). Iron 
saturation of human Lf ranges from 6 – 8% (Steijns & van Hooijdonk, 2000; Ainscough et al., 
1980; Sánchez, Calvo, & Brock, 1992; Fransson & Lönnerdal, 1980) whereas in bovine Lf, it 
ranges from 15 – 20%. The presence of bound iron in Lf imparts salmon pink colouration to the Lf, 
the intensity of which depends upon the degree of iron saturation (Steijns & van Hooijdonk, 2000). 
13 
 
The binding of iron by Lf results in a change in the molecular conformation. When an iron enters 
into the open interdomain cleft in each lobe of the Lf, the domains close over the iron atom 
resulting in a more compact structure. Thus, holo-Lf being more compact than the apo-Lf, is more 
resistant to thermal denaturation and proteolysis (Sánchez et al., 1992). 
With regards to the lobe structure, the two domains of the C-lobe are more closed over the iron site 
than those of the N-lobe, which may lead to greater thermodynamic stability of, and slower iron 
release from the C-lobe compared with the N-lobe (Anderson, Baker, Norris, Rice, & Baker, 1989). 
Apart from the closed lobe structure over iron, the affinity for iron of the C-site is higher than that 
of the N-site (Abdallah & El Hage Chahine, 2000). 
Iron release from the Lf depends upon the destabilization of the closed (holo) form which can be 
triggered by lowering of pH. The loss of the non-protein CO32- ligand from the iron binding site 
followed by protonation of an anion is responsible for the destabilization of the iron site and release 
of iron at low pH. Bovine Lf releases iron at pH below 4, whereas human Lf releases iron only at 
pH values below 3 (Steijns & van Hooijdonk, 2000; Baker, 2005). Thus, there is higher possibility 
of iron release by bovine Lf in the upper human gastrointestinal tract (stomach).   
2.1.2.2 Cationic N-terminus 
Lactoferrins, especially human and bovine, have strong cationic peptide regions in the N-terminus 
which are responsible for the binding of bacterial lipopolysaccharide (LPS) (Steijn & van 
Hooijdonk, 2000).  
The strongly cationic peptide regions found in the N1 domain of bovine Lf correspond to the 
residues 17 – 41 and 268 – 284 known as the Lactoferricin (Lfcin) and Lactoferrampin (Lfampin) 
domains, respectively (Figure 2.2). The peptide containing N-terminal sequence if released from Lf 
by acidic pepsin hydrolysis are capable of retaining many of the activities of the intact protein and 
in some cases can even demonstrate enhanced defence properties. Studies have shown that these 
regions possess broad spectra of activity against Gram-positive and Gram-negative bacteria through 
different modes of action. The cationic nature of these regions enable them to bind with many 
acidic molecules and to the negatively charged cell surfaces of the bacterial cell and are unaffected 
by the saturation iron status of the Lf molecule (Baker & Baker, 2009; van der Kraan et al., 2004).  
The presence of Lfampin close to Lfcin gives bovine Lf two amphiphathic and cationic stretches 
within one domain of the molecule. This domain allows the protein to bind to the membrane 
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interface and might execute its killing activity as a result of disturbance of the membrane integrity. 
This is crucial not only for the antimicrobial activity of bovine Lf but for all its beneficial activities 
in which interaction with biological membranes are involved (van der Kraan et al., 2004). 
 
 
Figure 2.2 Ribbon diagram of the N1-domain of bovine Lf. Positioned in close proximity to 
lactoferricin (Lfcin: amino acids 17 – 41) within the N1-domain of Lf, a novel antimicrobial domain 
has been identified and referred to as lactoferrampin (Lfampin, amino acids 268 – 284) (van der Kraan 
et al., 2004).  
2.1.2.3 Enzymatic activity 
Lactoferrin shows the highest level of amylase and ATPase activities among all other milk proteins. 
Among the different isoforms of Lf, some possess ribonuclease activity. Due to its ability to bind 
with DNA, it can partake in transcriptional activity of specific DNA sequences. The various 
enzymatic activities demonstrated by Lf might be contributed by the variation in its protein 
characteristics due to multiple isoforms, degrees of glycosylation and oligomerization and variation 
in tertiary structure (holo- and apo-Lf) (Brock, 2002; García-Montoya, Cendón, Arévalo-Gallegos, 
& Rascón-Cruz, 2012).  
Kanyshkova et al. (2003) has shown that Lf is responsible for the DNase, RNase, ATPase, 
phosphatase and malto-oligosaccharide hydrolysis activities in human milk and the RNA and DNA 
hydrolysing sub-fractions of Lf may be the factor behind the antiviral and antibacterial properties.  
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Regarding Bovine Lf, Donnarumma et al. (2004) have reported that Apo Lf possesses similar 
proteolytic activity to that of serine-proteases but the catalytic activity diminishes with increasing 
iron saturation level.  
2.1.2.4 pH stability 
Moore, Anderson, Groom, Haridas and Baker (1997) demonstrated that bovine Lf is more stable 
than human Lf at lower pH. Other researchers have shown that iron is not released by Lf if the 
media has pH of 5.5 or higher but will slowly release the bound iron if the pH of the media is 
lowered to or below a pH of 3.5.  In addition, iron uptake or release by Lf is very slow near 
neutrality. At low pH, iron loss occurs from both sites and is similar for holo-Lf and the monoferric 
C-site iron loaded Lf and leads to change in conformation and partial unfolding of Lf. When pH of 
the environment is lowered, the iron coordination will weaken and the release of bound iron 
becomes more prominent. The release of bound iron will destabilize the closed conformation of Lf 
(Abdallah & El Hage Ghanine, 2000; Baker & Baker, 2009). 
2.1.3 Biological functions 
Research has established Lfas an important host defence molecule that provides tremendous health 
beneficial effects for human and animal (Wakabayashi et al., 2006). Lf is capable of exerting a 
diverse range of physiological functions such as regulation of cellular growth and differentiation, 
intestinal iron homeostasis, host defence against microbial infection and inflammation, regulation of 
myelopoiesis, immunomodulatory and anti-oxidant activities and protection against cancer. These 
functional roles of Lf are attributed by its strong iron binding properties and its ability to bind and 
interact with various cell types (Conneely & Ward, 2004; Guo, Pan, Rowley, & Hobman, 2007).  
2.1.3.1 Antimicrobial activities 
The anti-microbial activity of Lf covers a very broad spectrum of bacteria, fungi, yeasts, viruses and 
parasites. It has been established that antimicrobial activity of Lf is mediated through three 
mechanism, 1) ability to bind iron with high affinity, 2) presence of highly basic N-terminus and 3) 
ability to stimulate the immune system of the host (O’Halloran et al., 2011). 
The bacteriostatic function of Lf lies in its ability to bind iron with high affinity depriving the 
bacteria of iron for its growth whereas the bactericidal function of Lf resides in the ability of the 
positively charged N-terminus to directly interact with the surface of the bacterial cell specially to 
the pore-forming proteins (porins) and cause damage to the external membrane and is not affected 
16 
 
by the presence of iron. Bacteriostatic function being based on its iron binding ability is most 
probably attributed by Apo Lf. The level of iron saturation of Lf affects this function and it 
disappears when Lf is completely saturated with iron (Naidu & Arnold, 1997; Nevinsky, Buneva, & 
Kanyashkova, 2001). 
The antiviral activity of Lf may be due to its ability to inhibit the interaction between the virus and 
host as well as the intracellular virus trafficking. It can also bind directly to the virus and render it 
ineffective. Several studies in the past have shown that Lf is capable of inhibiting the activities of 
several types of enveloped viruses such as Herpes Simplex Virus (types 1 and 2), Human 
Immunodeficiency Virus (HIV), Human Hepatitis C and G virus and alphavirus as well as non-
enveloped viruses such as rotavirus, enterovirus, adenovirus and polyomavirus (Guo et al., 2007). It 
has been established that the positive charge of Lf plays an important role in its antiviral action 
whereas iron saturation has no influence (Jenssen & Hancock, 2009). Lf is only capable of 
exhibiting its antiviral activity at an early phase of the infection process (García-Montoya et al., 
2011).  
Lactoferrin is capable of demonstrating antifungal activity especially towards Candida species. The 
activity is regulated by the metabolic state of the fungus and is species dependent. The major mode 
of action is through cell surface interaction causing cell wall damage to the pathogen. In addition 
the iron binding ability of Lf adds to its antifungal activity. Furthermore several studies have shown 
that Lf do possess anti-parasitic activity against some harmful human and animal parasites. The 
actual mechanism is considered very complex as the iron sequencing activity of Lf interferes with 
the iron acquisition process of some parasites while for others, Lf can act as an iron donor and 
enhance infection (Garcia-Montaya et al., 2012; Jenssen & Hancock, 2009; Guo et al., 2007).  
2.1.3.2 Immunomodulatory and anti-inflammatory activity 
Lactoferrin has demonstrated anti-inflammatory and immune modulatory responses towards 
disorders such as allergies, arthritis and cancer apart from microbial infections by modulating the 
migration, maturation and function of immune cells at the cellular and molecular levels. The 
modulatory properties of Lf are due to its ability to bind iron and to interact with the compounds in 
the cell membrane (Legrand et al., 2008; Pan et al., 2006).  
Lactoferrin is responsible for the first line of the host defence against pathogen invasion as it 
regulates innate immune responses by modulating both acute and chronic inflammation. It is also 
capable of displaying immunological properties that influence the acquired immunities as it can 
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modulate both specific and non-specific expression of antimicrobial proteins, pattern recognition 
receptors and lymphocyte movement related proteins. Lf can also induce systemic immunity, 
promote skin immunity and inhibit allergic responses (Garcia-Montaya et al., 2012).  
The anti-inflammatory properties of Lf may be due to its ability to bind with endotoxins, LPS and 
other related receptors. In addition, its ability to sequester free iron (ferric ion) in infected or 
pathological tissues lead to reduced inflammation (Brock, 2002; Legrand & Mazurier, 2010).  
2.1.3.3 Anticarcinogenic activity 
Different studies conducted in the past have shown that Lf does possess anti-tumour properties. In 
vivo studies on rodents demonstrated that bovine Lf is capable of reducing chemically induced 
tumourigenesis, inhibit the growth of transplanted tumours and prevent experimental metastasis 
when administered orally. In-vitro studies have shown that Lf has the ability to induce apoptosis 
and arrest tumour growth. A recent study has shown that bovine Lf when administered during the 
post-initiation phase of carcinogenesis demonstrated chemo-preventive properties on several 
carcinogenesis such as colon, oesophagus, lung, bladder and tongue by inhibiting tumour cell 
proliferation. The ability to enhance immune functions and promote apoptosis in cancerous cells 
also add to the anti-carcinogenic activity of Lf. The proteolytic peptide fragments of Lf, 
Lactoferrampin (Lfampin) and Lactoferricin (Lfcin) also possess the anti-tumour activities (Legrand 
et al., 2008; Tsuda et al., 2010; García-Montoya et al., 2012).  
2.1.3.4 Growth promoting activity on probiotics 
Research has shown that the growth promoting activity of Lf is not always similar towards the 
different probiotic bacteria. It was demonstrated that only the holo- and native-form of bovine Lf 
stimulated the growth of L. acidophilus. Iron being the prerequisite for the growth of L. acidophilus, 
the apo-form was unable to promote its growth as it was capable of binding the iron ions in the 
environment, making it unavailable for the bacteria. Bovine Lf was found to stimulate the growth of 
three strains of bifidobacteria; B. breve, B. infantis and B. bifidum and was not affected by the level 
of iron saturation. This attribute of Lf may contribute to the host defence activity by promoting a 
more favourable intestinal flora in the gastrointestinal tract (GI) (Kim et al., 2004).  
Research by Tian, Maddox, Ferguson and Shu (2010) showed that Lf inhibited the growth of many 
gram positive and gram negative pathogens but not the probiotics. The presence of special cell 
structures or metabolic substances of probiotics may be the reason behind the protection of the 
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bacteria from the action of Lf. Human clinical studies conducted in infants had also shown results 
with higher Bifidobacterium flora in infants fed on formulas enriched with bovine Lf (Wakabayashi 
et al., 2006).  
2.1.4 Technological characteristics 
2.1.4.1 Heat stability 
Differential scanning calorimetry (DSC) studies have shown that the thermal resistance of Lf to 
denaturation increases with the level of iron saturation. Apo and holo-Lf demonstrate different 
denaturation rates and temperatures. Two thermal transitions have been observed for native-bovine 
Lf having iron saturation level of 15 – 20% (Steijns & van Hooijdonk, 2000) as it is composed of a 
mixture of apo-Lf, holo-Lf and monoferric Lf (saturated at either N or C-lobe). The first transition 
at lower temperature (~ 65˚C) corresponds to the apo-Lf form and the second higher temperature (~ 
90˚C) to the holo-Lf form (Brisson et al., 2007). But only one transition temperature was noted for 
native-Lf from human milk as it consists entirely of Apo-Lf (Conesa et al., 2008). In addition to 
this, two different thermal transitions have been observed for holo-Lf especially from bovine origin 
and this has been explained by the different heat sensitivity between the two lobes of Lf, the C-lobe 
being more compact requires higher temperature than N-lobe to denature (Sánchez et al., 1992). 
Figure 2.3 depicts the heat denaturation pattern of native bovine Lf in function of time and 
temperature.  
 
Figure 2.3 Heat denaturation of native bovine Lf (0.1% in 10 mM sodium phosphate buffer, pH 6.5) in function of time 
at different temperatures respectively (Adapted from Steijns & van Hooijdonk, 2000). 
It has been shown that environmental conditions do affect the thermal stability of Lf. Acidic pH 
tends to lower the thermal stability as it promotes iron destabilization from Lf while attachment of 
carbohydrate to Lf enhances its heat stability. Heat sensitivities of both apo and holo-Lf were higher 
when heated within the milk matrix (Mooreet al., 1997; Steijns & van Hooijdonk 2000; Indyk et al., 
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2007). A possible reversibility of the denaturation process was observed with bovine Lf when the 
heated Lf was rested at lower temperature of 5 ˚C for 72 h. while lower reversibility was noted for 
Lf exposed to higher temperature (Baer, Oroz, & Blanc, 1979). 
2.1.4.2 Gastric digestion stability 
The amount and composition of the digestive enzymes, the pH and the transit time in the various 
parts of the gastrointestinal tract and the overall composition of the food ingested affect the in-vivo 
digestion of Lf. In-vitro digestion of Lf the simulated human gastric juice showed extensive 
degradation due to proteolysis at pH 2, the pH of human stomach, leaving only around 19% intact 
after 30 minutes. Further degradation of Lf occurs in the duodenum and by the end of 30 minutes, 
all of the Lf is nearly digested.  Lower degradation values were noted with the increase of pH, 
where Lf resisted gastric digestion at pH 6 of duodenum (Eriksen et al., 2010). Figure 2.4 depicts 
the degradation profiles of caprine Lf after digestion with human enzymes.  
 
Figure 2.4 Degradation profiles of Lf after digestion of caprine whey protein concentrate with human 
enzymes. Samples were extracted after simulated gastric digestion for 10, 20 and 30 min at pH 2, 4 or 6 
followed by simulated duodenal digestion for 15 and 30 min. , 0 min; , 10 min; , 20 min; , 30 
min; , 45 , min; , 60 min. Values are means, with standard deviations represented by vertical bars 
(Adapted from Eriksen et al., 2010). 
When bovine Lf in the form of drink was administered orally, more than 60% Lf survived the 
passage through the acidic environment of an adult human stomach, and entered the small intestine 
in an intact formdue to short transit time in the stomach. These intact bLf and the partially digested 
bLf peptides still retain their biological activities and are capable of exerting various physiological 
effects in the digestive tract, where they act on the intestinal immune system and boosts the 
protective immunity. The stability of Lf in acidic gastric juice is affected by its iron saturation 
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status; apo Lf is more easily digested than holo Lf (Steijns, Brummer, Troost, & Saris, 2001; 
Wakabayashi et al., 2006). Figure 2.5 shows the stability of bovine Lf in human gastro intestinal 
tract. 
 
Figure 2.5 Total amount of intact bovine Lf entering the small intestine of humans expressed as a 
percentage of the amount of bovine Lf (Apo; 20% & Holo; 100% iron saturated) intragastrically 
administered. Values are means ± SD, n = 12 (Adapted from Steijns et al., 2001). 
An in-vitro digestion study of encapsulated bovine Lf in alginate micro-gel particles conducted in 
simulated gastric fluid (SGF) using pepsin (porcine), showed higher survival of apo- and native-Lf 
(76 – 89%) after 2 hours in SGF. Holo-Lf showed the highest level of resistivity towards SGF with 
96% survival rate. Successive digestion of the same samples in simulated intestinal fluid (SIF) was 
very fast, within 10 minutes. These showed that encapsulating different forms of bovine Lf in 
alginate micro-gel particles offers significant protection from the harsh acidic and enzymatic 
conditions of gastric digestion. Furthermore, the encapsulated Lf is released in the SIF due to 
dissolution of the alginate gel particles (Bokkhim, Bansal, Grøndahl, & Bhandari, 2015).  
2.1.5 Commercial production of lactoferrin 
In the past, Lf of bovine origin was isolated and purified from either colostral or cheese whey using 
gel filtration and chromatographic techniques. Isolation is not possible from intensively heated raw 
materials as heat denatures the Lf. Based on its cationic nature, production techniques to isolate Lf 
from cheese whey using cation-exchange resins followed by gel filtration or Ultrafiltration (UF) for 
commercial scale has been patented and used. The purified Lf is either freeze dried or spray dried 
after sterile filtration to produce Lf powder. Bovine Lf was first produced commercially in Belgium 
in 1985. Since then, bLf is being produced by many companies in countries such as Australia, 
France, Germany, New Zealand and The Netherlands, to an amount of 100 tonnes per year. Apart 
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from Lf from animal and human origin, recombinant human Lf (rhLf) having similar 
physiochemical and biochemical properties to human Lf is also being produced in transgenic animal 
milk, microorganisms and plants (Marnila & Korhonen, 2009; Wakabayashi et al., 2006; Legrand et 
al., 2008; Tomita et al., 2009; García-Montoya et al., 2012).  
2.1.6 Application of lactoferrin 
The commercial production of Lf has made possible the exploitation of its various functionalities in 
the form of food, feed, nutraceuticals, cosmetics and oral care products. Lf has been approved by 
the Food and Drug Administration (FDA) as GRAS (generally recognized as safe) (Guo et al., 
2007). The application of Lf in commercial scale are summerized in Table 2.2.  
Table 2.2 Commercial application of Lf 
Category Product Expected effect Reference 
Food Infant formula Anti-infection, improvement of oro-
gastrointestinal microflora, immunomodulation, 
anti-inflammation, antioxidant 
Wakabayashi et al., 2006 
 Functional fruit 
drinks (Yogurt, skim 
milk drink) 
Anti-infection, improvement of oro-
gastrointestinal microflora, immunomodulation             
 
 Supplementation 
tablet/Nutraceuticals 
Anti-infection, aid in iron absorption & 
solubilization, immunomodulation, antioxidant 
Steijns et al., 2000 
Feed Pet food Anti-infection, improvement of oro-
gastrointestinal microflora, immunomodulation, 
anti-inflammation, antioxidant 
Wakabayashi et al., 2006 
 Poultry/mammal feed Anti-infection, growth acceleration (replace 
antibiotics) 
Weinberg, 2003 
Cosmetic Lotions, cream, face 
wash 
Hygiene, moistening, antioxidant, anti-
inflammation (allergic) 
Wakabayashi et al., 2006 
Oral care Mouth wash, mouth 
gel, toothpaste, 
chewing gum 
Hygiene, moistening, fight tooth decay 
(suppression of biofilm bacteria and yeast 
infection) 
Wakabayashi et al., 2006 
 
Food 
additive 
Preservative  Antimicrobial, antioxidant (lipid) Weinberg, 2003; Marnila 
et al., 2009 
 Emulsifier Enhanced stability of oil-in-water emulsions McClements et al., 2011 
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2.2 Alginate 
2.2.1 Occurrence 
The natural polysaccharide which makes up the structural component of the marine brown algae 
(Phaeophyceae) and some soil bacteria is termed alginate. In nature, it occurs as an insoluble 
mixture of calcium, magnesium, potassium and sodium salts. The source of alginate for commercial 
extraction is marine brown algae, mainly Laminaria hyperborea, Macrocystis pyrifera, Laminaria 
digitata, Ascophyllum nadosum, Laminaria japonica, Ecklonia maxima, Lessonia nigrescens and 
Durvillaea Antarctica and the annual production is estimated to be 30,000 metric tonnes. In 
addition bacteria such as Azotobacter vinelandii and several species of Pseudomonas are able to 
produce an alginate resembling exocellular polymeric materials. The composition as well as the 
mechanical properties of alginate differs according to the source (Donati&Paoletti, 2009; Draget, 
2009; Sutherland, 1991).  
2.2.2 Composition and structure 
Alginate is a family of unbranched binary copolymers of (1→ 4) linked β-D mannuronic acid (M) 
and α-L-guluronic acid (G) residues of widely varying composition and sequence. Alginate is 
considered as a polymer and consists of three blocks, two of which are almost homopolymeric 
consiting of either guluronic (G-block) or mannuronic acid (M-block) and the third containing 
nearly equal proportions of both monomers (MG-block). These blocks are interspersed with regions 
of alternating structure with no regular repeating units (Figure 2.6). The uronic groups of alginates 
differ according to the algal source and even the part of the plant considered. Bacterial alginates can 
contain solely mannuronate. The GG blocks demonstrate the highest rigidity, MG the lowest with 
MM in between. Thus, alginates having different block composition can be commercially produced 
to suit the specific functionalities and applications. Though the actual molecular weight of native 
alginate is not known due to degradation occurring during its extraction, the average molecular 
weight of the commercial alginates is approximately 200,000 but alginates with as high as 500,000 
can be produced (Draget, 2009; Simpson, Grant, Blackband, & Constantinidis, 2003; 
Donati&Paoletti, 2009).  
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Figure 2.6 Chemical structure of alginate. (A) the 4C1 conformation of β-D-mannuronic acid (M) sodium salt and the 
1C4 conformation of α-L-guluronic acid (G) sodium salt. (B) The block composition of alginate with G-blocks, M-
blocks and MG-blocks (Adapted from Donati & Paoletti, 2009). 
2.2.3 Application of alginate 
Alginate has the ability to retain water and form viscous solutions, stabilize aqueous mixtures and 
form gels. Based on these biophysical properties, alginate has been classified as a food additive and 
has been used in food preparations as thickeners, emulsifiers and gelling and stabilizing agents 
(Brownlee, Seal, Wilcox, Dettmar, & Pearson, 2009). 
In recently years, because of its unique gelling properties under extremely mild conditions, the use 
of alginate is being extended into biotechnological and biomedical applications such as 
encapsulation and immobilization of particulate enzymes and many different kinds of living cells 
(Donati, 2009; Martinsen, Storrø, & Skjårk-Bræk, 1992). Table 2.3 shows the applications of 
alginate in various sectors. 
Table 2.3 Applications of alginate 
Sector Application Reference 
Non-food application 
 
 
 
Ingredient in shoe polish 
Important factor in dye industry 
Viscosifier in textile printing 
Dental impression 
Brownlee et al., 2009 
               ” 
Donati, 2009 
Brownlee et al., 2009 
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Food application 
 
 
 
 
 
 
Pet food 
Reformed meat 
Restructured products 
Food additive 
Surface coating of food 
Encapsulation of active ingredients 
Cell and enzyme immobilization 
Donati, 2009 
         ” 
Draget, 2009 
         ” 
Brownlee et al., 2009 
         ” 
         ” 
Pharmaceutical application Cell micro-encapsulation 
Microsphere vectors for drug delivery 
Active ingredient in absorbent 
dressing 
Antireflux therepies 
Brownlee et al., 2009 
         ” 
         ” 
         ” 
2.2.4 Physiological effects of alginate 
The alginic acid and its salts in the form of sodium, potassium, ammonium and calcium are 
considered safe and are being used extensively as food additive in the EU and the USA. No adverse 
dietary effects have been noted for the alginic acid and its salts when consumed thus an Acceptable 
Daily Intake (ADI) has not be specified by the Joint FAO/WHO Expert Committee on Food 
Additives (JECFA) (Draget, 2009; Brownlee et al., 2009). 
Since alginates are polysaccharides derived from marine algae, they fulfil the definition of dietary 
fibre. Apart from the laxation and stool bulking characteristics, based on their biochemical and 
biophysical properties, alginates exhibit many beneficial physiological actions such as actitumoral, 
immunostimulating and/or prebiotic effects. Though alginate is not digested in the human 
gastrointestinal tract, it is slowly fermented by the microflora in the colon. Research has shown that 
the fermentability of alginate is chain dependent. The longer the chain, the lower the fermentability. 
In addition, alginates rich in G-blocks are digested more easily than alginates rich in M-blocks 
(Michell, Barry, Bonnet, Lahaye, & Mabeau, 1996; Michel et al., 1999).  
Due to its ability to form gels at low temperature in the presence of acid or calcium ions, alginate 
forms gel in the stomach providing the feeling of fullness (Hoad et al., 2004). The alginate in the 
colon provides bulk to the content and reduces the impact of damaging agents arising from food and 
microflora by directly absorbing them (Brownlee et al., 2005). Research has shown that high 
molecular weight alginates especially the sodium form were capable of demonstrating 
hypocholesteraemic effects in rats. In type II diabetic patients, it was demonstrated that glucose 
absorption was reduced by consumption of alginate supplemented diet (Brownlee et al., 2009).  
Besides the beneficial physiological effects, in vitro studies have shown that alginates inhibit the 
actions of a range of digestive enzymes by limiting the availability of substrates. It has been shown 
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that alginates bind with certain nutrients (β-carotene) and minerals (calcium, iron, chromium and 
cobalt) reducing their bioavailability (Brownlee et al., 2009).  
2.2.5 Physical gel formation 
The gelling properties of alginates are derived from their unique ion binding characteristics. In the 
presence of divalent or multivalent cations, the solution to gel (sol/gel) transition of alginate occurs 
more or less independent of temperature under favourable condition. However, the rate of the 
gelling process is still influenced by a change in gelling temperature leading to a change in gel 
properties. Alginate gels are relatively heat stable and can be heated without gel deformation but at 
very high temperature, above 100˚C, depolymerisation, loss of viscosity and possibly reduced gel 
strength are inevitable (Gacesa, 1988; Leo, McLoughlin, & Malone, 1990). The gelling process is 
influenced by several factors such as concentration, chemical composition and the M/G sequence of 
the alginate, the ratio between gelling and non-gelling ions and the presence of complexing agents 
(phosphates or citrates). In addition, alginate in a mixed system, with charged polymers such as 
proteins may interact electrostatically under favourable conditions leading to alterations in its 
mechanical properties (Draget, 2009).  
An alginate gel can be prepared by either a diffusion method or by the internal setting method. In 
the diffusion method, a cross-linking ion is allowed to diffuse from a large outer reservoir into an 
alginate solution forming a single gel bead entrapping the active agent. Diffusion setting produces 
inhomogeneous alginate gels following the formation of sharp gelling zone moving from the 
surface towards the centre of the gel. In internal setting method, the cross-linking ions are released 
in a controlled manner from an inert calcium source within the alginate solution.The controlled 
release of calcium can be induced by the change in pH, by limiting the solubility of the calcium salt 
source, and/or by introducing chelating agents. Apart from ionic crosslinking, alginates can also 
form acid gels at low pH generally below the pKa values of the uronic residues, 3.38 for 
mannuronic and 3.65 for guluronic acid (Draget, 2009; Draget, Smidsrød, & Skjåk-Bræk, 2005; 
Draget & Taylor, 2011). 
2.2.5.1 Chemistry of ionic cross-linking 
The ability of alginates to selectively bind multivalent ions to form insoluble hydrogels has been 
exploited for encapsulating bioactive compounds and immobilizing cells by the food and 
pharmaceutical industries.  The binding of multivalent ions is very selective and the affinity towards 
different alkaline earth metal ions is strongly influenced by its composition, particularly the 
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presence of L-guluronate residues in the polymer chain and was found to increase in the order Mg2+ 
<< Mn2+ < Ca2+ < Sr2+ < Ba2+ < Pb2+ whereas the mannuronate blocks and alternating blocks show 
some selectivity (Smidsrød, 1970; Smidsrød & Haug, 1967; Grant, Morris, Rees, Smith, & Thom, 
1973; Smidsrød, 1974). The selectivity coefficient (kAB) for the ions may be expressed by the 
following equation: 
 
Where A and B represents the two cations, X represents the equivalent fraction of the counter ions 
in the polymer phase and C represents the concentration of the ions in solution (Smidsrød, 1974). 
Smidsrød (1970) also reported that the binding strength of the three alginate fractions towards the 
divalent ions may slightly differ from one another in the following order:  
GG-blocks: Ba > Sr > Ca >> Mg 
MM-blocks: Ba > Sr ≈ Ca ≈ Mg 
MG-blocks: Ba ≈ Sr ≈ Ca ≈ Mg 
Apart from the above mentioned cations, other studies have shown that alginate can form stable gel 
systems with iron in its ferrous (Fe2+) (Kroll, Winnik, & Ziolo, 1996) and ferric (Fe3+) forms 
(Sreeram, Yamini Shrivastava, & Nair, 2004). The iron(II) is claimed to interact with alginate in a 
similar manner to other divalent cations. Though the interaction between alginate and iron (Fe3+) is 
not clearly known, it is stated that the trivalent iron (Fe3+) is expected to form a three dimensional 
bonding structure with poly anion (Shiet al., 2005). 
The cooperative mechanism of binding of two or more chains with the coordination of cations 
within the guluronate residues were first summerized as an ‘egg-box model’by Grant, Morris, Rees, 
Smith and Thom (1973). The primary mechanism of interchian association in this model has been 
interpreted as the outcome of the “dimerisation of poly-L-guluronate chain segments in a regular, 
buckled, two-fold conformation with tight interchain chelation of the divalent cation to the 
carboxylate groups on the interior faces of the dimer” (Morris, Rees, Thom, & Boyd, 1978). Each 
cross-linking divalent ion interacts with two adjacent G residues as well as with two G residues in 
the opposite chain, inducing the formation of junction zones. Based on dialysis experiments, 
Morris, Rees, Thom and Boyd (1978) has proposed a 4:1 ratio between G residues and calcium ions 
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for the junction zone and it has been reported that 8 to 20 adjacent G units are required to form a 
stable junction (Donati & Paoletti, 2009). The interchain junction formation in the ‘egg-box’ model 
is illustrated schemetically in Figure 2.7. 
 
Figure 2.7 Binding of divalent cations by alginate to form interchain junction (Adapted from 
Donati & Paoletti, 2009). 
Recently, several researches have refined the egg-box model by means of a reinspection of the 
original X-ray diffraction data and a slightly modified crystal structure proposed (Li, Fang, Vreeker, 
Appelqvist, & Mendes, 2007; Sikorski, Mo, Skjåk-Bræk, & Stokke, 2007). However the description 
of alginate junctions as composed of dimers in the original egg-box model still remains true. Yet, 
Li, Fang, Vreeker, Appelqvist and Mendes (2007) claimed that the egg box model is applicable only 
for gels prepared by fast gelation process and not for gels prepared via slow gelation process.   
The selectivity of alginates for multivalent cations is also dependent on the ionic composition of the 
alginate gel, as the affinity toward a specific ion increases with increasing content of the ion in the 
gel (Draget et al., 2005). 
2.2.6 Physical properties of alginate gels 
The physical properties especially the porosity and the mechanical strength, of alginate gels are of 
high importance in food and drug application. These properties depend on various factors such as 
composition of the polysaccharide itself as well as type and concentration of divalent cations used.  
A clear understanding of the network behaviour is valuable for the understanding of its resistivity to 
external factors and release of active ingredients from the matrix.  
2.2.6.1 Mechanical properties of alginate gels 
The mechanical properties of alginate hydrogels is affected by the composition of the 
polysaccharide itself. The length of the G-blocks (NG>1) rather than the overall content of the 
guluronic acid residues (fraction of guluronic acid units, FG) plays an important role in gel strength. 
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Alginates containing long G-blocks will shrink less than with short G-blocks due to formation of 
strong irreversible junctions (Martinsen, Skjåk-Bræk, & Smidsrød,1989) and the shrinking 
increases with increasing molecular weight of the alginate used (Draget et al., 2001). Recently, the 
binding ability of other block structures have been reported and the hydrogels from M-rich alginates 
show a higher rupture strength as they are more elastic than the brittle gels obtained from G-rich 
alginates (Donati & Paoletti, 2009).  
The type and concentration of divalent cations used for the gelation also have a notable impact on 
the mechanical properties of the alginate hydrogels. From a general point of view, the rigidity of 
alginate gels decreases in the order Pb > Cu, Ba > Sr > Cd > Ca > Ni > Zn > Co > Mn (Donati & 
Paoletti, 2009). A higher concentration of divalent ions may lead to shrinkage of the alginate gels 
leading to compact structures with reduced porosity. In addition, gelling time do show some impact 
on the gel strength, and gelling time of 1 hour is considered enough to achieve gels with maximum 
mechanical strength. After 1 hour, though the gel volume continues to shrink, the gel strength is not 
much effected (Martinsenet al., 1989).  
The presence of chelating agents and other competing ions in the gelling environment also have an 
impact on the alginate gel strength. Chelating agents such as phosphate, citrate, lactate and 
ethylenediaminetetraacetic acid (EDTA) will remove the cross-linking ions from the network 
junctions leading to decreased physical cross links ultimately resulting in reduced elasticity of the 
alginate gel network. Similarly, competing monovalent ions will replace the divalent cross-linking 
ions increasing the dissociable counterions leading to change in the osmotic pressure (Donati & 
Paoletti, 2009).  
An alginate gel is susceptible to a variety of depolymerisation processes. Acidic and alkaline 
degradation mechanism includes cleavage of glycosidic linkages. Alginate gel is most stable at 
neutral pH but the degradation will occur at pH below 5 by proton calatysed hydrolysis or above 10 
by β-alkoxy-elimination mechanism. It is also degraded by free radicals, which is mainly due to 
oxidative-reductive depolymerisation reactions cause by the contamination of reducing agents such 
as polyphenols. These reactions are temperature dependent and increases with increase in 
temperature (Draget, 2009; Draget, Skjåk-Bræk, & Smidsrød, 1997). 
2.2.6.2 Porosity of alginate gels 
Pore size and pore size distribution in alginate gels are of importance as they determine the 
diffusion properties. Anderson, Skipnes, Smidsrød, Ostgaard and Hemmer Per (1977) reported that 
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calcium treated alginate forms networks characterized by a pore size between 50 and 1,500Å. The 
use of a higher concentration of divalent ions, will induce the formation of a more compact gel with 
a possible collapse of some junctions leading to bigger pore size and thus greater diffusion of active 
agents (Gåserød, Smidsrød, & Skjåk-Bræk, 1998). An increase in polysaccharide concentration 
leads to reduced pore size, while the increase in the content of the G residues in the polymer chain 
has the opposite effect (Donati & Paoletti, 2009). 
The rate of the gelling process also has an impact on the porosity of an alginate gel.  More 
homogenous gels can be produced by introducing non gelling ions such as sodium and magnesium 
into the cross-linking solution during the gelling process (Martinsen et al., 1992). The pore size of 
alginate gels can be reduced either by partially drying them or by exposing them to low pH (~ 1) 
(Gombotz & Wee, 1998). 
2.2.7 Chemical reactivity with positively charged proteins 
Since alginate gels are typically composed of mainly water (95%), the microenvironment within the 
gel can be relatively inert to proteins and other active ingredients (Gombotz & Wee, 1998). 
Alginates possess ion exchange property because of the presence of the carboxylic groups in both 
the M and G residues which tend to interact with cationic protein molecules electrostatically. The 
positively charged protein can potentially compete with calcium ions for available carboxylic acid 
sites on the alginate which might lead to complex formation (Zhao, Carvajal, & Harris, 2009). With 
the protein, transforming growth factor-beta (TGF-β1), irreversible complex formation occurs 
resulting in protein inactivation. In such case, additives which protect the protein from the alginate 
polymer should be added to retain its activity (Gombotz & Wee, 1998). Other researches have 
reported that the electrostatic interactions that occur between the negatively charged alginate and 
positively charged drugs (Stockwell, Davis, & Walker, 1986; Segi, Yotsuyanagi, & Ikeda, 1989) 
and proteins (Wells & Sheardown, 2007) leads to sustained release from the gel system.   
2.2.8 Diffusion of proteins from alginate gels 
Self-diffusion of small molecules is very little affected by the alginate hydrogel but the diffusion of 
larger molecules, such as proteins, is somewhat restricted, although proteins with molecular weight 
as high as 300,000 Daltons are able to diffuse out of the hydrogel with a rate that depends on their 
molecular size. The diffusion of molecules through alginate hydrogels depends upon both the cross-
linking ion concentration and the polymer concentration and composition (Donati & Paoletti, 2009). 
The diffusion rate increases with increasing content of guluronic acid in the polymer chain 
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(Martinsen et al., 1989). The coating of alginate with a polycation, such as poly (L-lysine), chitosan 
or polyethyleneimine enhances the polymer density on the surface of the gel bead, thus limiting the 
diffusion of the protein (Donati & Paoletti, 2009). 
Diffusion within the gel should depend upon porosity, however, since the gel matrix is negatively 
charged, the influence of electrostatic forces between the matrix and the ionic substrates must also 
be considered. The diffusion process also depends strongly on the method of preparation used and is 
fastest in homogeneous beads formed in the presence of sodium ions (Martinsen et al., 1992). 
2.3 Encapsulation 
Encapsulation is simply the process of entrapping one substance of importance within another 
substance, which can provide protection to the former substance. Poncelet (2006) defined 
encapsulation as ‘Entrapment of a compound or a system inside a dispersed material for its 
immobilization, protection, controlled release, structuration and functionalization.’  Through 
encapsulation particles of either macro, micro or nano sizes can be produced. The encapsulated 
substance may be called the core material, the active agent, fill, internal phase or payload phase and 
can be solid, liquid or gas. The encapsulating substance may be called the coating, membrane, shell, 
carrier material, wall material, external phase or matrix (Zuidam & Shimoni, 2010).  
Microencapsulation technology has been used by the food processing industry for more than 75 
years especially to coat minute ingredient particles such as acidulants, leavening agents, artificial 
sweeteners, minerals, vitamins, antioxidants, essential oils, flavours, bioactives, enzymes, peptides, 
proteins and microbial cells (Pegg & Shahidi, 2007; Millqvist-Fureby, 2009; Gombotz &Wee, 
1998; Ding & Shah, 2007). 
The wall materials used in microencapsulation for food purposes can be of the following categories 
(Lakkis, 2007): 
- Waxes and lipids: beeswax, glycerol distearate, natural and modified fats 
- Proteins: whey proteins, gelatine, zein, soy proteins, gluten (native or modified forms) 
- Carbohydrates: starches, maltodextrins, chitosan, sucrose, glucose, ethycellulose, cellulose 
acetate, alginates, carrageenans 
- Food grade polymers: polypropylene, polyvinylacetate, polystyrene, polybutadiene   
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The encapsulates can be broadly classified into two types, the reservoir type and the matrix type 
(Figure 2.8). The reservoir type has a single-particle structure, with a shell surrounding the active 
agent. It is also known as a capsule, single-core, mono-core or core-shell type. The matrix type has 
a more complex structure, with the active agent dispersed throughout the carrier material. It can 
have several distinct cores within the same microcapsule (Zuidam & Shimoni, 2010; Desai & Jin 
Park, 2005). Still there are other classification which term only the reservoir type as encapsulates 
and the matrix type as entrapped ingredients (Pegg & Shahidi, 2007).  
 
Figure 2.8 Reservoir type (Left) and Matrix type (Right) encapsulates. The active agent is indicated in 
white and the carrier material in gray (Adapted from Zuidam & Shimoni, 2010). 
2.3.1 Basis of encapsulation 
The science of encapsulation deals with the manufacture, analytical evaluation, and application of 
encapsulated products. At present, due to health-conscious consumers and the fashionable trend 
toward functional foods and nutraceuticals/natural health products, the manufacturers have been 
exploring new encapsulation delivery methods to ensure the bioavailability of efficacious qualities 
of sought-after functional food ingredients (Pegg & Shahidi, 2007).  
The scope of this technology in food industry is increasing because it offers the following benefits 
(Zuidam & Shimoni, 2010):  
- Superior handling of the active ingredients (eg., conversion of liquid active agent into a 
powder, which might be dust free, free flowing, and might have a more neutral smell) 
- Immobility of active agent in food processing systems 
- Improved stability in final product and during processing (i.e., less evaporation of volatile 
active agent and/or no degradation or reaction with other components in the food product 
such as oxygen or water) 
32 
 
- Improved safety (eg., reduced flammability of volatiles like aroma, no concentrated volatile 
oil handling) 
- Creation of visible and textural effects  
- Adjustable properties of active components (particle size, structure, oil- or water- soluble, 
colour) 
- Off-taste masking 
- Controlled release (differentiation, release by the right stimulus) 
Based on the information about the physical and chemical properties of the core agent and the wall 
or carrier material individually or in combination, microcapsules of required characteristics can be 
designed using an appropriate technique. Apart from these, the cost of production should also be 
considered as it is supposed to be consumed as food rather than pharmaceutical or cosmetic.  
2.3.2 Gel entrapment techniques 
Encapsulation of food ingredients into coating materials can be achieved by several methods. The 
most commonly used processes are spray drying, fluid bed coating, melt injection, melt extrusion, 
emulsification, coacervation, extrusion, inclusion complexation, freeze drying etc.  
Among the different microencapsulating processes, only gel entrapment techniques applicable for 
the encapsulation of protein (Lf) into alginate gel matrix will be discussed here. These include 
extrusion and emulsion techniques which are the most common gel entrapment technologies that 
can be used for protein encapsulation. Furthermore, a novel impinging aerosol method (Progel) 
developed at the University of Queensland will be described as a possible method for gel 
entrapment.  
2.3.2.1 Extrusion technique 
Extrusion is a commonly used technique for the formation of gel particles. Extrusion in the context 
of gel entrapment technique differs from the extrusion used for extruded products. It is a relatively 
low temperature entrapment method where the core material dispersed in the wall material is forced 
through small openings in the form of droplets into a bath of hardening solution. The individual 
drops are formed into gel beads each entrapping the core material within the matrix of wall material 
as shown in Figure 2.9A.  The hardening solution can either be ionic or non-ionic depending upon 
the wall material used. Factors such as diameter of the opening, flow rate of the solution and the 
viscosity of the solution, affect the size of the droplets and the gel beads formed. For gels requiring 
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ions for gelation, the concentration of ions in the hardening solution also affect the final gel particle 
size (Desai & Jin Park, 2005). The extrusion process is useful for encapsulation of heat labile active 
agents as they are completely surrounded by wall materials (Pegg & Shahidi, 2007). 
  
A. B. 
Figure 2.9 (A) Small scale extrusion formation of gel particles (Adapted from Burey et al., 2008) and (B) Set-ups of 
five different ways of making gel particles (a) jet cutter, (b) pipette/syringe or vibrating nozzle, (c) atomizing disk, (d) 
coaxial air-flow and (e) electrostatic potential (Adapted from Zuidam & Shimoni, 2010). 
Calcium alginate gel is the best known gelling system used for the preparation of gel beads to 
encapsulate a wide variety of active agents. Gelation of alginate in the presence of divalent cations 
being a cold setting process can be easily controlled. In this method, the aqueous solution of 0.6 – 
4.0% sodium alginate and active agent is dropped in a form of droplets into a gelling bath of 0.05 – 
1.5 M calcium chloride solution. Particles with a diameter between 0.2 and 5 mm can be made 
depending upon the dripping tool (pipette, syringe, vibrating nozzle, spraying nozzle, jet cutter, 
atomizing disk, coaxial air-flow, or electric field) and the viscoelasticity of the alginate solution 
(Zuidam & Shimoni, 2010). Research has shown that slight deformation in shape or tailing occurs if 
gel beads are prepared from sodium alginate solution of higher than 4% concentration (Prüsse et al., 
2008). Figure 2.9B shows the different extrusion methods to form gel particles. 
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2.3.2.2 Emulsion technique 
The emulsion technique uses media other than water to aid gel particle formation. In food 
applications, the hydrocolloid solution is often suspended in vegetable oil and then introduced to the 
appropriate ionic solution to promote gelation. The hydrocolloid and ionic solution droplets collide 
with each other in the stream of oil, and the reaction between the hydrocolloid and the ions proceeds 
when successful coalescence of the droplets takes place. Emulsion technique can produce smaller 
sized gel particles with diameter ranging from 10 µm to 1 mm. The size of the gel particles depend 
on the viscosity of the suspending oil, ratio of oil to hydrocolloid solution, emulsifier type and 
amount of energy used to create the oil-hydrocolloid emulsion (Burey, Bhandari, Howes, & Gidley, 
2008). The presence of chelating agents, post-hardening time, coating, cross-linking with cationic 
polymers and incorporation of additives in the gel network and modification of oil reservoir can 
affect the properties of the gel particles (Zuidam & Shimoni, 2010). Figure 2.10 shows the emulsion 
formation of gel particles. 
 
Figure 2.10 Emulsion formation of gel particles (Adapted from Zuidam & Shimoni, 2010). 
2.3.2.3 Novel impinging aerosol technique (Progel) 
A new method was developed by Bhesh Bhandari (2009) at the University of Queensland for 
preparing gel microparticles. It involves mixing a cross-linkable reagent with another cross-linking 
reagent, both in aerosol form in a close reaction chamber. In order to produce aerosols, both the 
reagents used should be in liquid form. Two atomizers are installed in the reaction chamber facing 
each other, both with a spray angle of 20
fine mists of cross-linking reagent produced by them impinge on each other. The impinging process 
takes place under the prevailing conditions and facilitates maximum contact between the cross
linkable and the cross-linking reagents leading to formation of microparticles by a sol
transition. A wide variety of wall materials ranging from carbohydrates, proteins and food grade 
polymers can be used as cross-linkable reagent. Generally alginate is preferred as cross
reagent and the calcium chloride solution as the c
flexibility of either incorporating the active agents into the microparticles during their production or 
after they have been produced.  During production, the active agents can be dissolved or dispersed 
in the cross-linkable reagent for its incorporation into the microparticles or the microparticles of 
cross-linkable reagent can be produced and later immersed in a solution of active agents for 
permeation. With this method, microparticles of less than 50 
shows the set up for the novel impinging aerosol 
Figure 2.11 A novel Impinging aerosol 
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˚ so that the fine droplets of cross-linkable reagent and the 
ross-linking reagent. This method provides the 
µm can be produced. Figure 2.11 
apparatus.  
 
apparatus (Adapted from Ching et al., 2015
-
-gel phase 
-linkable 
). 
2.3.3 Controlled delivery system and release mechanism
Microencapsulation is the most common method for producing active ingredients with controlled 
release properties for their delivery to the targeted sites. T
ingredients can be tailored to suit the 
barrier properties as well as using various
an active agent in the form of food ingredient to the targeted sites, not only the processing 
parameters but also the human gastrointestinal
The European Directives (3AQ19a) defines controlled release as a “modification of the rate or place 
at which an active substance is released.” Delayed release and sustained release are the two 
principal modes of controlled release (Figure 2.12). In delayed release, the release of an active agent 
is delayed from a finite ‘lag time’ upto a point when/where its release is favoured and is no longer 
hindered whereas in sustained release, the release of active age
in such a way that the concentration remains constant throughout (Lakkis
Figure 2.12 Generic representation of “sustained” and “delayed” release profiles (Adapted from Lakkis, 2007)
Among the different mechanisms involved with controlling the release of encapsulated materials, 
for the matrix system of alginate gel encapsulating active agents (protein), the release can be 
governed by dissolution and diffusion through the matrix, by swelling and erosion of t
by a combination of both (Kuang, Oliveira, & Crean, 2010
2.3.3.1 Diffusion controlled release
Diffusion is a permeation process driven by a concentration gradient where molecules move from 
higher concentration towards lower concentration through a permeable system. The active 
ingredient can diffuse through the polymer (carrier of the system) or thr
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in the polymer (matrix system) (Pothakamury & Barbosa-Cánovas, 1995). Diffusion release 
depends upon the kinetic relationship between the core and the wall materials and the rate at which 
the core material is able to pass through the outer wall and is strictly governed by the chemical 
properties of the microcapsule and by the physical properties of the wall material such as the matrix 
structure and pore size as well as the interchain attractive forces such as hydrogen bonding and van 
der Waals’ interactions, degree of cross-linking and its physical state (Pegg & Shahidi, 2007).   
2.3.3.2 Swelling controlled release or solvent activated release 
Solvent activated release is the most common controlled release mechanism used in the food 
industry. If the encapsulating matrices are water soluble, they will dissolve leading to the release of 
active agents. However, when using water insoluble polymers, these will swell, owing to absorption 
of solvent (fluid) from the medium leading to change in the state from glassy to gel. Once the 
encapsulating polymer matrices acquire the gel state, the active agents diffuse out more rapidly 
(Brannon-Peppas, 1993; Pothakamury & Barbosa-Cánovas, 1995).  
2.3.3.3 pH sensitive release 
Release of encapsulated actives from the microcapsules can be accomplished by degradation of the 
wall materials.  For matrices in which cross-linked alginate gel form the wall material, a low pH of 
the system leads to reduction in the molecular weight due to cleavage of glycosidic linkages (Draget 
et al., 1997) thus leading to faster degradation (Gombotz & Wee, 1998) and collapse of the wall 
material expelling the core material (Reineccius, 1995).  
2.3.4 Release kinetics 
The release of active agents from microcapsules is affected by several parameters such as the 
characteristics of active ingredients, matrix or polymer variables or formulation aspects (Varma, 
Kaushal, Garg, & Garg, 2004).  
2.3.4.1 Characteristics of active ingredient 
The release rate and release mechanism from a polymeric matrix system depends strongly on the 
solubility of the active ingredients to be encapsulated. Highly aqueous soluble active ingredient 
show faster release rates, while poorly water soluble ingredients (< 0.01 mg/ml) often result in 
incomplete release due to poor solubility and low dissolution rates for the matrix. If the active 
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ingredient is insoluble, then matrix erosion is a must prior to its release.  Matrix erosion is triggered 
by particle displacement of insoluble active ingredients (Varma et al., 2004). 
Higher concentration of active ingredients at a constant polymer content leads to faster release rate 
due to a higher chemical gradient at the diffusion front. With hydrophilic matrices, research has 
shown that for active ingredients with low solubility, erosion of polymer plays an important role 
and release rate is proportion to the ratio of solubility to loading of active ingredients (Varma et al., 
2004).  
The molecular weight, size and shape of the active ingredient also affect the release kinetics. Low 
molecular weight actives diffuse faster whereas dissolution of the matrix is required for higher 
molecular weight actives. The size and shape relate to its effective surface area which might lead to 
sites available for interaction with the matrix material if they are oppositely charged (Gombotz & 
Wee, 1998; Varma et al., 2004).    
2.3.4.2 Matrix/Polymer variables 
Matrix materials with different physicochemical properties result in matrix systems with different 
structures and therefore different release kinetics and release mechanisms. Alginates form a 
hydrophilic matrix system. In such a hydrophilic matrix, active ingredients release occurs mainly by 
diffusion across a hydrated gel layer formed by polymer swelling. However, ionic interactions of a 
polymer with active ingredients can complicate the release kinetics and mechanism. A combination 
of polymers may show additive or synergistic release effects (Kuang et al., 2010). Furthermore, 
synergism in gelling ability of a combination of polymers may be due to molecular interactions 
between the individual polymers. Research has shown that the addition of sodium alginate to 
chitosan results in extended release characteristics of the delivery system (Varma et al., 2004). 
Cross-linking anionic polymers with cationic polymers can lead to the formation of polyelectrolyte 
complexes having different pore size and network complexity than the parent polymers. In most 
cases it leads to a reduction of the porosity of the polymer matrix resulting in delayed release of 
entrapped active agents (George & Abraham, 2006). 
An increase in polymer concentration results in increased viscosity of the gel (Varma et al., 2004) 
and also leads to reduced pore size of the matrix (Donati & Paoletti, 2009) leading to slower release 
of the actives. 
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2.3.4.3 Formulation variables 
The size and shape of the microcapsules will have an impact on the release kinetics. Small and 
irregular shaped microcapsules tend to have more surface exposed to the release medium resulting 
in faster diffusion and release of the active agents (Agrawal, Howard, & Neau, 2004). 
The association of polymers and the active agent is very important for the release properties. 
Electrostatic interactions play a major role in determining the association of many types of 
biopolymer molecules in aqueous solution. Careful manipulation of the electrostatic interactions by 
controlling the pH (which determines the charge density of food components), the overall ionic 
strength (which determines the range of interactions) and the type of ions (since this may affect 
specific salt bridging interactions) used can often be used to direct the formation of specific 
assembled structures (McClements, Decker, Park, & Weiss, 2009) which in turn will have an effect 
in the release properties.  
The use of polycations such as chitosan, poly (L-lysine) and polyethyleneimine (Kulseng, Thu, 
Espevik, & SkjakBraek, 1997; Gåserød, Sannes, & Skjåk-Bræk, 1999) to coat the alginate beads or 
microcapsules during preparation enhances the polymer density on the surface which can delay the 
diffusion release of the active agents (Donati & Paoletti, 2009). The interaction between the 
polycations and anionic polymer based on ionic binding will lead to formation of more stable 
microcapsules which can withstand the impacts of acid and the chelating agents in the media 
(Coppi, Iannuccelli, Bernabei, & Cameroni, 2001). 
2.5 Conclusion 
Lactoferrin, an FDA approved, GRAS listed protein, has been used in the food, feed, 
neutraceuticals, cosmetics and oral care products for its various functionalities. The functionalities 
are attributed by its strong iron binding properties and its ability to bind and interact with various 
cell types. But these functional properties of Lactoferrin are affected more or less by a number of 
factors such as heat, metals, anions, salts, pH, conductivity etc. due to which, its application within 
the food industry has been limited to a small section (infant formula, milk based functional fruit 
drinks, supplementation tablets).  
Alginate, a natural polymer, has been used as a wall material in entrapment and encapsulation of 
heat labile active ingredients (proteins) by food and pharmaceutical industries, because of its non-
toxic nature and its property to form gels under mild conditions. The alginate hydrogel is a complex 
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matrix of pores which allows the controlled release of entrapped or encapsulated active agents 
through diffusion and dissolution. Alginate hydrogel is heat stable and is resistant to the action of 
acid and alkali within the pH range of 5 – 10.  
Encapsulation technologies have been applied by food industries since long back to add value to 
their products especially to mask the off-taste and odour, control the release of flavour components, 
alleviate processing problems and to extend shelf life. At present, the importance of encapsulation 
and controlled delivery is increasing due to the demand of functional food ingredients and 
nutraceuticals in the food market. This has led to the extension of research in the stability and 
efficient delivery of bioactive ingredients for food purpose.  
Gel entrapment encapsulation of Lf can be an effective technique to enhance heat stability of Lf by 
two means, first entrapment of Lf is done at low temperature and second, alginate being heat stable 
can protect Lf from the harsh conditions of thermal processing. In addition, due to its stability 
towards a large range of pH (5 – 10), alginate may provide protection to Lf in the acidic food 
medium. Furthermore, anionic alginate may form complex with cationic Lf which may delay the 
diffusion of Lf in the gastro-intestinal tract resulting in controlled delivery.  
However, the stability and release properties of encapsulated Lf in alginate microgel beads need to 
be studied in order to verify its significance so that its potentiality as a functional ingredient in food 
preparation can be established.  
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CHAPTER 3. 
PHYSICO-CHEMICAL PROPERTIES OF DIFFERENT FORMS OF 
BOVINE   LACTOFERRIN 
 
Abstract 
Three forms of bovine lactoferrin (Lf), apo-, native- and holo- with 0.9, 12.9 and 99.7% iron 
content, respectively, were characterized for their physico-chemical properties. Colour, surface 
tension, thermal properties, particle charge and rheological behaviour of Lf were found to be 
affected by the form of Lf. The surface tension of Lf tends to decrease with decrease in iron content. 
The Circular Dichroism (CD) spectra confirmed that all forms of Lf had similar secondary 
structures while the tertiary structure was different for holo-Lf. The Differential  Scanning 
Calorimeter (DSC) analysis showed that the apo- and holo-Lf in aqueous solution displayed thermal 
denaturation temperatures of 71 ± 0.2 and 91 ± 0.5 ˚C, respectively, suggesting that the iron 
saturation of Lf tends to increase its thermal stability. The study of particle charge properties (ζ-
potential) in 1 mM KCl salt solution showed that apo-Lf reached the net charge of zero in the pH 
range 5.5 – 6.5 whereas native and holo-Lf in the pH range 8.0 – 9.0. The apparent viscosity of 1% 
(wt/wt) solution of the different forms of Lf showed no difference between apo- and native-Lf (≈ 
1.4 mPa s) while the value was significantly higher (2.38 mPa s) for holo-Lf.   
3.1 Introduction 
Lactoferrin (Lf) is a non-heme iron-binding glycoprotein found in milk (Wakabayashi, Yamauchi, 
& Takase, 2006). Each Lf macromolecule is composed of two lobes, a C- and an N-lobe, and each 
lobe is made up of two sub-lobes. In the presence of (bi) carbonate, ferric iron binds to Lf (Steijns 
& van Hooidijdonk, 2000) such that, one Lf molecule is able to bind 2 ferric irons (Conesa et al., 
2008). The affinity of Lf for iron is very high, with an affinity constant (KD) of about 10-20 M 
(Moore, Anderson, Groom, Haridas, & Baker, 1997).  Lf with less than 5% iron saturation is called 
‘apolactoferrin’ (apo-Lf) while the iron-saturated lactoferrin is known as ‘hololactoferrin’ (holo-Lf). 
Generally, the natural form of Lf (native-Lf) is salmon pink in colour with 15 – 20% iron saturation 
and the colour intensity depends upon the degree of iron saturation (Steijns, & van Hooidijdonk, 
2000). The native-Lf has been reported to be a mixture composed of apo- and holo-Lf but also 
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possibly of monoferric Lf species saturated at either their N- or C-lobe (Brisson, Britten, & Pouliot, 
2007). In addition, Lf has very high isoelectric point (pI) at around 8 – 9 due to a unique basic 
region in the N-terminal which enables Lf to bind many acidic molecules and cell surface molecules 
such as lipopolysaccharides of bacteria. This affects the physiological properties of Lf (Brock, 
2002).   
It is well known that Lf provides numerous health benefits to humans and animals. Its physiological 
functions are not only the results of its strong iron-binding properties but also non-iron related 
functions. Some examples of health benefits of lactoferrin are anticancer, anti-inflammatory, 
antimicrobial, antitumor, immunomodulatory effects, stimulation of a beneficial gut microflora, 
antioxidant and transcriptional activation (Wakabayashi et al., 2006). These benefits enable Lf to be 
a potential supplementation in commercial food products such as infant milk formulae, 
supplemental tablets, yoghurt, skim milk, and drinks (Brock, 2002; Wakabayashi et al., 2006). 
However, it is widely known that Lf can be easily denatured by heat treatment (Abe et al., 1991). In 
addition, factors such as metal ions, salts, and pH can affect the functional properties of Lf. 
Moreover, processing condition including storage, freezing/thawing, and spray drying are expected 
to affect the activities of Lf (Naidu, 2006), thereby limiting its application.  
The binding of iron by Lf results in a change in its molecular conformation. When an iron (III) ion 
enters into the open interdomain cleft in each lobe of the Lf, the domains close over the iron atom 
resulting in a more compact structure. Thus, holo-Lf being more compact than the apo-Lf, is more 
resistant to thermal denaturation and proteolysis (Sánchez, Peiró, Castillo, Pérez, Ena, & Calvo, 
1992). Iron release from the Lf depends upon the destabilization of the closed (holo) form which 
can be triggered by lowering the pH. The loss of non-protein CO32- ligand from the iron binding site 
followed by its protonation is responsible for the destabilization of the iron site and release of iron 
at low pH. Bovine Lf releases iron at pH below 4 (Steijns & van Hooijdonk, 2000; Baker & Baker, 
2005).  
Based on the presence or absence of iron, the three forms apo-, native- and holo-Lf have different 
molecular conformation, which in turn might affect their physico-chemical properties. Though the 
thermal behaviour of different forms of bovine Lf in different environmental conditions had been 
extensively studied, the reported results vary widely. Rüegg, Moor and Blanc (1977) and Sánchez et 
al. (1992) reported two denaturation peaks during the DSC analysis of holo-Lf whereas Paulsson, 
Svensson, Kishore and Naidu (1993) reported only one denaturation peak for iron saturated Lf 
(87%). While Sánchez et al. (1992) reported a lower Tmax value for apo-Lf than the major peak of 
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native-Lf, Paulsson et al. (1993) reported higher Tmax value for apo-Lf. The reported Tmax values for 
iron-saturated Lf in these studies also vary.  Smimazaki, Kawano and Yoo (1991) and Brown and 
Parry (1974) studied the structural conformation of the different forms of bovine Lf however, did 
not relate this to physiochemical properties. Thus, there has been a lack of a systematic and 
complete study of the most important physico-chemical properties of bovine Lf in order to 
characterize its different forms. Such a study will provide directly comparable information 
regarding the different forms of Lf and a better understanding of its behaviour under different 
conditions which is important when developing Lf as a food ingredient.   
The main aim of this research was to characterize bovine Lf in the different forms (apo-, native-, 
and holo-) most commonly studied. The apo- and native- forms of Lf are available commercially 
but due to limited availability of commercial bovine holo-Lf, it was prepared in the laboratory for 
comparison purposes. Commercially available food grade Lf which is used as a food supplement 
was used in this research. CD Spectroscopy was used to evaluate differences in structural integrity 
of the different forms of Lf and to confirm that the iron saturation process did not lead to 
denaturation of Lf. The three forms of Lf were characterized for the most important physico-
chemical properties for practical purposes, such as colour, protein content, iron content, surface 
activity, thermal properties, particle charge property and rheological property.  
3.2 Materials and methods 
3.2.1 Materials 
Bovine lactoferrin (NatraFerrin) in its iron free state (apo-Lf) and native form (native-Lf) were 
provided by MG Nutritionals®, Australia. Tris (hydroxymethyl) methane (purity > 99.8%) from 
Merck Pty. Ltd.; ferric nitrate nonahydrate (purity > 98%) from Biolab (Aust) Ltd.; sodium 
hydroxide (purity > 99%) from Chem-supply Pty. Ltd. and hydrochloric acid (purity > 31.5%), 
acetic acid (99%) and potassium chloride (purity > 99.8%) from Ajax Finechem Pty. Ltd., Australia 
were used in the experiments. Cellulose membrane dialysis tubing with an average flat width of 76 
mm (D9402) and a 12,400 Dalton molecular mass cut off, sodium chloride (purity > 98%), sodium 
bicarbonate (purity > 99.7%), sodium acetate trihydrate (purity > 99%) and nitrilotriacetic acid 
(NTA) (purity > 99%) were purchased from Sigma Aldrich Co., Australia. All chemicals used in 
this study were of analytical grade. Millipore water was used for the preparation of all solutions.  
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3.2.2 Preparation of holo-Lf 
Holo-Lf was prepared from native-Lf according to the method described by van Berkel et al. (1995) 
with some modifications. Native-Lf was dissolved (1% protein wt/vol) in 10 mM Tris-Cl buffer 
containing 75 mM NaCl, and the pH adjusted to 7.2 with 1 M HCl solution. It was then mixed with 
freshly prepared ferric nitrilotriacetic acid (FeNTA) solution [9.9 mM ferric nitrate and 8.5 mM 
nitrilotriacetic acid (disodium salt) in Millipore water, pH adjusted to 7.0 with solid sodium 
bicarbonate]. FeNTA was added to the Lf solution to achieve a molar ratio iron:Lf of 2:1. The 
mixture was then incubated at room temperature (~ 20˚C) for 1 hour. It was then dialysed using a 
cellulose membrane against Millipore water for 48 hours under constant stirring with at least three 
changes of water. The dialysed Lf solution was freeze dried and kept in an air tight container until 
use. It was found that holo-Lf prepared from apo-Lf had a lower iron saturation level than the 
theoretical value indicating reduced iron-binding capacity, and therefore, native-Lf was used for 
preparation of holo-Lf in this study.  
3.2.3 Characterization of apo-, native- and holo-Lf 
3.2.3.1 Colour, composition and surface activity 
The colour was measured by the hand-held Minolta Chromameter CR-400 using the L*, a*, b* 
colour space parameters developed by Commission International de IʹÉclairage (CIELAB). The L* 
value represents lightness, or a spectrum from black = 0 to white = 100, a* represents a spectrum 
from red (+) to green (-) and b* represents a spectrum from blue (-) to yellow (+). More often, for 
appropriate colour measurement, the values of a* and b* are converted into polar coordinates. Hue 
angle, h˚= Arctangent (b*/a*) where the values of 0˚, 90˚, 180˚ and 270˚ represents red purple, 
yellow, bluish green and blue respectively. The other coordinate Chroma, C*= [(a*)2 + (b*)2]1/2 is 
an index of colour saturation or intensity (McGuire, 1992; Weatherall & Coombs, 1992). Colour 
measurement was done on 1% (wt/wt) aqueous solution for apo-, native- and holo-Lf.  
The total iron content as well as other elements (sodium, calcium, potassium, magnesium, 
manganese, copper and zinc) of the Lf samples was determined by Inductively Coupled Plasma 
Optical Emission Spectroscopy (ICP-OES) and the protein content was determined by the Dumas 
method (Rayment & Higginson, 1992). The values of iron content (mg/L) obtained from ICP-OES 
were converted to percentage iron saturation based on the protein content (Lf) to iron at a molar 
ratio of 1:2. The theoretical value of 2 moles of iron per 1 mole Lf is considered as 100% saturation.  
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Surface activity of Lf samples in aqueous solution was measured in terms of surface tension 
measured by the Wilhelmy plate method using a NIMA ST-9000 tensiometer (Nima Technology, 
Coventry, UK) and a platinum plate (10.04 × 0.18 mm). Glassware were cleaned with Decon 
detergent (5%), washed with tap water, rinsed with Millipore water and air dried. The tensiometer 
was calibrated according to the procedure outlined in the ST 9000 operating manual. To ensure 
accuracy, surface tension of Millipore water was measured as a control and found to be 72.3 ± 0.1 
mN m-1. The Lf solutions (0.1% wt/wt) were prepared under constant stirring for 2 hours and 
allowed to stand for another 1 hour prior to surface tension measurement. Approximately 75 mL of 
Lf solution was poured into the  Schott Duran glass container (70 mm diameter, 100 mL capacity), 
allowed to settle and surface tension measured.  Three readings were recorded in triplicate for each 
sample. The measurements were done at room temperature (25 ± 1˚C). The platinum plate was 
rinsed in Millipore water and flamed prior to every measurement.    
3.2.3.2 Structural conformation 
The apo-, native- and holo-Lf samples were evaluated to determine their structural conformation by 
CD- spectropolarimetry. CD has been used extensively to characterise the secondary and tertiary 
structure of proteins in solution (Yang, Wu, & Martinez, 1986). This method records the difference 
in light absorbance of right- and left-circular polarized light (corresponding to an ellipticity) by a 
substance in solution. The CD spectra were recorded in aqueous solution with Millipore water as 
the background using a Jasco J-710 Spectropolarimeter with a J-700 Spectra manager software. 
These spectra were compared for 3 different wavelength regions of 300 – 600 nm, 250 – 350 nm 
and 200 – 250 nm.  Lf solutions of 0.5% (wt/wt) were used for the wavelength regions 300 – 600 
nm and 250 – 350 nm while 0.01% (wt/wt) was used for the wavelength region 200 – 250 nm. All 
recordings were done at room temperature and the ellipticities were expressed as mean residual 
molar ellipticity [θ]MRW in deg cm2/dmol of protein using mean residual weight of 116.  
3.2.3.3 Particle charge property 
The particle charge property of different forms of bovine Lf in a 1 mM potassium chloride (KCl) 
solution at pH 4 – 10 were determined based on electrophoretic mobility measurements using a 
NanoS Zetasizer (Malvern Instruments Ltd., Worcestershire, UK). Solutions of different forms of 
Lf (0.5% wt/wt) were prepared in Millipore water, with the final ionic concentration adjusted to 1 
mM with KCl. Lf was dissolved using magnetic stirrer for 1 hour at room temperature and allowed 
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to stand at room temperature overnight. The pH of the Lf solutions was adjusted with either a 0.1 M 
HCl or a 0.1 M NaOH solution. The ζ-potential (mV) of the solutions was measured after 3 hours.   
3.2.3.4 Thermal properties 
The thermal denaturation properties of various forms of Lf were studied by Differential Scanning 
Calorimetry (DSC1 STARe System, METTLER TOLEDO, Schwerzenbach, Switzerland). The Lf 
samples were studied in a temperature range of 25 – 100 ˚C at a scanning rate of 10 ˚C/min under 
nitrogen flow. The Lf concentration in the sample solutions was adjusted to 10% (wt/wt). Samples 
were prepared in three different solutions, Millipore water, Millipore water with pH adjusted to 4, 5, 
6 and 7 with a 0.1 M HCl or a 0.1 M NaOH solution and in either 1mM of acetate buffer (pH 4 & 5) 
or bis-tris buffer (pH 6 & 7). 10 µL solution was introduced into aluminium pans (1/3 ME-
51119870 Aluminium crucibles 40 µL without pin and 1/2 ME-51119871 aluminium lids) and 
sealed for analysis. An empty sealed aluminium pan was used as reference. Samples were analysed 
in triplicates. Thermograms were analysed using STARe Excellence Software (METTLER 
TOLEDO).  From the transition peak obtained by DSC, other thermodynamic parameters such as 
the temperature of maximum heat absorption (Tmax), the onset temperature (Ts) and the enthalpy 
change (∆Hcal) of denaturation were determined. The enthalpy change (∆Hcal) was calculated by 
integrating the peak area using a straight baseline drawn from the onset to the end of thermal 
transition. The integrated enthalpy was normalised to the total weight of sample.  
3.2.3.5 Rheological property 
The apparent viscosities and rheological behaviour of the three different forms of bovine Lf were 
measured by a Discovery Hybrid Rheometer (DHR-1; TA Instruments, USA) using TRIOS 
software for 1% (wt/wt) aqueous solution at 20 ˚C under the shear rate of 0.1 to 1000 s-1. The 40 
mm, Parallel Plate, Peltier Plate Steel geometry was used with a gap of 100 µm.  
3.2.4 Statistical analysis 
All the experiments were conducted in triplicates and the data is reported as mean ± SD. Where 
applied, significance of differences between the values was assessed by Analysis of Variance 
(ANOVA) with Tukey’s HSD post hoc test, family error rate 5 at 95% confidence level using 
MiniTab 16. 
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3.3 Results and discussion 
3.3.1 Preparation of holo-Lf 
In order to characterize the bovine Lf in its three different most commonly studied forms, holo-Lf 
was prepared in the laboratory as it is not widely available. When native-Lf was saturated with 
freshly prepared FeNTA at a 4 fold iron to Lf molar ratio as proposed by van Berkel et al. (1995), 
the percentage iron saturation level in the freshly prepared holo-Lf was found to be higher than 
100% when measured using ICP-OES. This was attributed to the excess of iron not being removed 
by dialysis but instead forming iron-hydroxide precipitate at the working pH. The precipitation of 
ferric hydroxide was also noted by Bates and Schlabach (1973) when apotransferrin was saturated 
using FeNTA at neutral pH. Thus, a 2 fold iron to Lf molar ratio was used in our improved method. 
The incubation period of 1 hour was found to be sufficient to produce fully iron-saturated Lf as 
indicated by ICP-OES analysis (see Table 3.1). Since in our study we required pure solid holo-Lf, 
dialysis against Millipore water was performed rather than dialysis against 0.15 M NaCl solution as 
proposed by van Berkel et al. (1995). When dialysing against the salt solution, the final protein 
content of the holo-Lf prepared was found to be lower than that of the native-Lf used. The success 
of dialysis against water in our study can be seen in the very high protein and low sodium content of 
holo-Lf (see Table 3.1). The iron percentage was also calculated based on the absorbance at 280 and 
465 nm measured by UV-Visible Spectrophotometry according to Hashizume, Kuroda and 
Murakami (1987). The percentage iron saturation obtained using this method was 12 and 97% for 
native- and holo-Lf respectively. However, for apo-Lf and native-Lf, no absorbance maximum was 
observed at 465 nm due to low levels of iron causing this method to be less accurate than the direct 
iron determination by ICP-OES.  
Preparation of holo-Lf from apo-Lf resulted in only 85 – 90% iron saturation (data not shown). This 
showed that the apo-Lf supplied have lower iron binding capacity as compared to native-Lf, which 
might be due to minor chemical changes occurring during its production process. In addition, apo-
Lf produced a slightly turbid solution, which upon standing overnight resulted in protein 
precipitation indicating aggregate formation. Thus, from the level of iron saturation achieved, it is 
recommended that native-Lf be used as starting material for holo-Lf preparation. 
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3.3.2 Characterization of apo-, native- and holo-Lf 
3.3.2.1 Colour, composition and surface activity 
The different forms of Lf when dissolved in Millipore water to a concentration of 1% (wt/wt), 
produced different coloured aliquots and the intensity of redness (a*) and yellowness (b*) increased 
while lightness (L*) decreased with the increase in their iron content (Fig. 3.1). The change in the 
yellowness was higher than the redness, in particular between native- and holo-Lf than between 
apo- and native-Lf. As expected, the colour intensity (C*) was higher for an increased level of iron. 
In addition, the colour perception (h˚) showed that the colour of Lf shifted from yellow to red with 
increased level of iron content. The intensity and perception of colour were significantly different 
(P < 0.05) for different forms of Lf.  
L* (Lightness)
a* (Redness)
b* (Yellowness)
C* (Intensity)
h° (Hue)
0 10 20 30 40 50 60 70 80
 
Figure 3.1 Radar graph showing the Mean L*, a*, b*, C* and h˚ values for 1% (wt/wt) aqueous solution of 
apo- (green), native- (blue) and holo-Lf (red).  
As shown in Table 3.1, fully iron-saturated holo-Lf with slightly higher protein but lower sodium 
content can be prepared starting from native-Lf. Elementary scan of Lf samples showed the 
presence of other elements (calcium, potassium, magnesium, manganese, copper and zinc) only in 
trace amounts. Different forms of Lf in aqueous solution (1% wt/wt) displayed significantly 
different pH (P < 0.05). Furthermore, significantly different (P < 0.05) surface tension values were 
noted for 0.1% (wt/wt) apo-, native- and holo-Lf solutions at 25 ± 1 ˚C. These values demonstrate 
that surface tension of Lf is affected by its form and tend to decrease with decrease in iron content. 
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This might be due to the difference in their molecular structures, where binding of iron to Lf results 
in a more compact structure (Sánchez et al., 1992). It has been reported that flexible proteins have 
the ability to rearrange their tertiary structures and facilitate adsorption at the air/water interface 
while hard proteins tend to resist the conformational changes (Tripp, Magda, & Andrade, 1994). 
Apo-Lf being more flexible may thus unfold to a larger extent at the air/water interface compared to 
native-Lf (13% iron saturation). Holo-Lf being the most compactis likely to resist unfolding. 
Therefore, different forms of Lf displayed different surface tension as a result of different degrees 
of protein unfolding followed by adsorption at the air/water interface. In addition to unfolding and 
adsorption, factors such as the content and disposition of hydrophobic residues, extent and nature of 
intermolecular interactions also affect the interfacial properties of proteins (Kinsella, 1980). 
Proteins demonstrate more hydrophobic nature when they do not possess any electrostatic charges 
and tend to concentrate at the air/water interface of the liquid phase and reduce the surface tension 
of the solution (Noel, Prokop, & Tanner, 2002). It was noticed that at natural pH, apo-Lf has lower 
electrostatic charges as compared to native- and holo-Lf, which might additionally contribute to its 
lower surface tension. 
Table 3.1 
Protein, iron and sodium content, percentage iron saturation, pH and surface tension of different 
forms of Lf. 
Lf Protein  Iron  Iron Saturation# Sodium  Natural pH Surface tension* 
 (%) (µg/g Lf) (%) (µg/g Lf) (1% wt/wt) (mN m-1) 
Apo-Lf 94 ± 4     12 ± 1.6   0.9 ± 0.1 1317 5.7 ± 0.1a 53.1 ± 1.6a 
Native-Lf 96 ± 3   181 ± 1.1 12.9 ± 0.1 1300 5.4 ± 0.1b 56.5 ± 0.7b 
Holo-Lf 98 ± 1  1395 ± 38 99.7 ± 2.7 74 6.2 ± 0.1c 59.3 ± 0.9c 
#The Iron saturation (%) for ICP-OES was calculated on protein basis. * Values are measured at 25 ± 1˚ C. 
Means values of natural pH and surface tension (columns) that do not share a letter are significantly different at  
P < 0.05. Natural pH meant no attempt was made to modify the pH of the solution. 
3.3.2.2 Structural conformation 
FTIR spectra for the different forms of Lf didn’t show any difference in the position of the bands in 
the 1200 – 1800 cm-1 region and displayed an amide I at 1637 cm-1 and amide II band at 1534 – 
1514 cm-1 (Supplementary Fig. S-3.1). This indicates that all the Lf samples had identical secondary 
structures. The CD spectra of apo-, native- and holo-Lf in aqueous solution recorded in the 
wavelength regions 200 – 250 nm, 250 – 350 nm and 300 – 600 nm are shown in Figure 3.2 (A-C). 
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For these lactoferrin samples, the general spectra are composed of a broad negative band centred at 
208 – 210 nm, a shoulder at 215 – 217 nm, a positive peak at 253 – 254 nm followed by a negative 
band centred at 270 – 272 nm. For apo- and native-Lf, the ellipticity values for the peak at 291 – 
292 and the band at 296 – 298 nm are negative while those of holo-Lf are positive. In holo-Lf, a 
broad negative band centred at 455 is very prominent. These CD spectra are in agreement with 
those described by Shimazaki et al. (1991) and Brown and Parry (1974) with only minor variations 
in the peak positions and ellipticities and this indicates that they are intact and not denatured by the 
preparation methods used by either the manufacturer or in our procedure to produce the holo-Lf. 
The spectroscopic features in the 200 – 250 nm region appear at the same wavelength and near 
identical in magnitude. This supports that binding of iron to Lf does not affect the secondary 
structure of protein.  It has been described previously that binding of iron to Lf will produce more 
positive ellipticities particularly above 290 nm in agreement with the observation made in this 
study. Overall, these observations reflect that iron binding affects mainly the tertiary rather than the 
secondary structure of the protein (Brown & Parry, 1974). In the wavelength region of 260 – 285 
nm, the holo-Lf has the most negative while apo-Lf has the least negative ellipticities. The 
ellipticities of native-Lf lies in between these values, which has been attributed to native-Lf being 
composed of both apo- and holo-Lf (Shimazaki et al., 1991). In the 375 – 560 nm region, however, 
the ellipticities for holo-Lf are significant different to the other forms of Lf. It thus appears that in 
this region, there is a good correlation between the iron content and the ellipticities of the samples, 
however, further studies are required to affirm this.  
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Figure 3.2 Circular dichroism spectra of apo-Lf (•), native-Lf (ο) and holo-Lf (). At 200 – 250 nm (A), 
250 – 350 nm (B) and 300 – 600 nm (C). (The units of molar ellipticity for A is 10-3 degree cm2/dmol and 
for B and C are degree cm2/dmol of protein). 
3.3.2.3 Particle charge property 
As can be seen in Figure 3.3, the ζ-potential of a 0.5% (wt/wt) apo-Lf solution (1 mM KCl) were 
positive at lower pH and negative at higher pH. This trend was noticed in multiple repeat 
experiments and the apo-Lf reached the point of zero charge in the pH range of 5.5 – 6.5. It is worth 
noting that our observation that apo-Lf aggregates at natural pH of 5.7 correlates with the point of 
zero charge in the pH range of 5.5 – 6.5. For native- and holo-Lf, though similar trends with respect 
to ζ-potential as a function of pH were noticed, however, the point of zero charge was found in the 
pH range 8.0 – 9.0 (Fig. 3.3). These observations are within the pI range of 7.8 – 9.5 reported for 
bovine Lf (Groves, 1960; Shimazaki et al., 1993).  Tokle and McClements (2011) and Peinado, 
Lesmes, Andrés and McClements (2010) reported the point of zero charge between pH 8 and 9 for 
0.2% native-Lf (bovine) in distilled water and Mela, Aumaitre, Williamson and Yakubov (2010) 
reported the pI of Lf in salt concentration of 1 mM as 8.4. A lower pI of 5.2 – 5.5 has been reported 
for human apo-Lf and the low level of iron saturation has been regarded as the causative factor for 
its lower isoelectric point (Bezwoda & Mansoor, 1989). For Lf, a number of ionisable amino acids 
responsible for binding of iron lie deep inside the protein surface and are not available for surface 
charge generation (Bowen & Williams, 2010). Thus, the presence or absence of bound iron in the 
Lf can affect the availability of those ionisable amino acids for generating the surface charge. 
However, it should be noted that both apo- and native-Lf are predominantly iron depleted and thus 
the iron saturation level cannot be the sole reason for the different values obtained for the point of 
zero charge. Furthermore, research has shown that point of zero charge can differ from pI for 
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protein molecules with high adsorption property. Lateral electrostatic repulsion between adsorbed 
protein molecules could prevent the formation of a close-packed monolayer, which tend to shift the 
pI creating a point of zero chargeaway from the actual isoelectric region (Norde, Buijs, & Lyklema, 
2005).  
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Figure 3.3 ζ-potential values of Lf, apo- (•), native- (ο) and holo-Lf () solutions (0.5% 
wt/wt) at different pH at 1 mM ionic concentration with KCl.  
3.3.2.4 Thermal properties 
Thermal denaturation of the three different forms of Lf in aqueous solution in their natural pH and 
at pH values of 4, 5, 6 and 7 in Millipore water and 1 mM buffers (acetate buffer for pH 4, 5 and 
bis-tris buffer for pH 6, 7) were studied by DSC using a heating rate of 10˚C/min. The thermograms 
obtained from aqueous solutions of the Lf samples are given in Figure 3.4.  The apo- and holo-Lf 
showed a single denaturation peak with Tmax values of 70.4 ± 0.1 ˚C and 90.9 ± 0.2 ˚C, respectively. 
However, the native-Lf showed two denaturation peaks. The major peak was at 60.7 ± 0.1 ˚C which 
was at a slightly lower temperature than that of the apo-Lf peak whereas the minor peak at 89.2 ± 
0.2 ˚C coincided with the peak observed for holo-Lf. These observed Tmax values for apo-, native- 
and holo-Lf are in accordance with previous studies (Paulsson, Svensson, Kishore, & Naidu, 1993; 
Bengoechea, Peinado, & McClements, 2011) but differed from the study by Sánchez et al. (1992) 
who observed that bovine holo-Lf produced two peaks at 74 ˚C and 86.5 ˚C. In addition, their value 
for apo-Lf was found to be lower (60.8 ˚C) than the value (71 ˚C) reported by Paulsson et al. (1993) 
and observed in the current study. Native- and holo-Lf (prepared from native-Lf) both display a 
denaturation peak at high temperature (Tmax of 89.2 – 90.9 ˚C). This indicates that the iron-saturated 
protein (either saturated in a single or in both sites) have high thermal stability as observed 
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previously (Sánchez et al., 1992; Paulsson et al., 1993; Conesa et al., 2008). Considering the 
enthalpy change of denaturation for the second peak (refer to Table 3.2) it can be seen that the value 
for native-Lf is approximately 10% of holo-Lf in agreement with the relative iron saturation level 
(see Table 3.1). The small elevation in the denaturation temperature of apo-Lf as compared to the 
major peak of native-Lf has been attributed to differences in ionic strength of the solutions (higher 
Tmax expected for higher ionic strength) in the study by Paulssen et al. (1993). However, in our 
study this is not a likely reason considering the very similar levels of sodium in the two protein 
samples (see Table 3.1) which are the main contributor to ionic strength for the aqueous solutions 
(displayed in Figure 3.4). An elemental scan by ICP-OES did not reveal any other elements that 
might bind to apo-Lf of this study, and it is thus likely that minor chemical differences in the 
proteins are causing these differences.  
No significant differences (P > 0.05) were found in terms of Tmax and ∆Hcal of denaturation when 
the apo- and holo- forms of Lf were dissolved in pH adjusted (4, 5, 6 and 7) Millipore water (Table 
3.2). The same holds true for the minor peak (corresponding to iron-saturated Lf) in the native-Lf 
sample at different pH. However, the ∆Hcal of denaturation of major peak (corresponding to iron-
free Lf) of native-Lf at pH 4 was significantly higher than at pH 5 and 6. Yet, the ∆Hcal at pH 7 was 
not significantly different to those at pH 4, 5 or 6. These fluctuations in the ∆Hcal values might be 
contributed by environmental conditions such as pH, salts and environmental components (Steijns, 
& van Hooijdonk, 2000). Yet, in this experiment, the thermograms of Lf in pH adjusted Millipore 
water and buffers (1 mM) were not significantly different (data not shown).   
 
Figure 3.4 Thermograms of 10% (wt/wt) holo-Lf (A), native-Lf (B) and apo-Lf (C) solutions at 
natural pH. 
64 
 
Studies conducted by Iafisco, Foltran, Foggia, Bonora and Roveri (2011) and Hu et al. (2008) 
showed significant decrease in the temperature of maximum heat absorption (Tmax) especially of 
native-Lf with lowering of pH values to 4.0. This might be due to the difference of molar 
concentration (10 mM) and ionic strength (150 mM with NaCl) of buffers used in their experiments 
as only pH adjusted Millipore water and buffers of very low ionic concentration (1 mM) were used 
in this experiment. Yet, in accordance with our studies, it was found that the ∆Hcal for the major 
peak of native-Lf was higher at pH 4 than at pH 5 and 6.  
Table 3.2  
Thermal denaturation parameters for 10% (wt/wt) apo-, native- and holo-Lf solutionz. 
Sample Apo Native Holo 
 
Peak  Major Peak   Minor Peak  Peak  
Aqueous soln.     
Ts (˚C) 62.3 ± 0.4 54.3 ± 1.5 86.4 ± 0.5 85.2 ± 0.8 
Tmax (˚C) 70.4 ± 0.1 60.7 ± 0.1 89.2 ± 0.2 90.9 ± 0.2 
Hcal (J/g) 
 
13.2 ± 0.2 13.1 ± 0.1   2.1 ± 0.3 20.6 ± 0.5 
pH 4     
Ts (˚C) 59.4 ± 0.8 50.9 ± 0.5 85.2 ± 0.6 82.7 ± 0.4 
Tmax (˚C)  70.4 ± 0.1a   61.2 ± 1.0 c  89.2 ± 0.9f   91.0 ± 0.5h 
Hcal (J/g) 
 
   9.4 ± 0.1 b   11.4 ± 0.6 d     1.7 ± 0.2 g   20.3 ± 2.8 i 
pH 5     
Ts (˚C) 60.2 ± 1.2 54.2 ± 1.0   85.5 ± 0.6 82.8 ± 0.2 
Tmax (˚C)   70.8 ± 0.1 a  61.9 ± 1.0c   89.8 ± 0.0 f   91.5 ± 0.1 h 
Hcal (J/g) 
 
    9.3 ± 0.9 b     5.4 ± 1.0 e      1.7 ± 0.6 g   19.6 ± 0.6 i 
pH 6     
Ts (˚C) 60.7 ± 0.5 54.3 ± 1.4 86.4 ± 0.6 84.8 ± 0.3 
Tmax (˚C)   71.6 ± 1.0 a   61.5 ± 0.4 c   89.6 ± 0.7 f   91.8 ± 0.2 h 
Hcal (J/g) 
 
    8.6 ± 1.0 b     6.7 ± 1.6 e     1.2 ± 0.2 g   15.9 ± 2.3 i 
pH 7     
Ts (˚C) 61.0 ± 1.6 52.9 ± 0.0 85.8 ± 0.0 82.8 ± 0.7 
Tmax (˚C)   71.2 ± 0.2 a   61.7 ± 0.4 c   89.6 ± 0.4 f   91.3 ± 0.2 h 
Hcal (J/g)     9.3 ± 0.9 b      9.7 ± 0.9 de     1.5 ± 0.3 g   21.1 ± 5.3 i 
zMean values of Tmax and  Hcal  (vertical column) that do not share a letter are 
significantly different at P < 0.05. 
3.3.2.5 Rheological properties 
The apparent viscosities of 1% (wt/wt) solution of apo- and native-Lf at shear rate of 25 s-1 were 
1.46 ± 0.04 and 1.43 ± 0.06 mPa s at 20˚ C, respectively, and are not significantly different from 
each other. However, for holo-Lf, the apparent viscosity was found to be 2.38 ± 0.26 mPa s which 
was significantly different (P < 0.05) from that of apo- and native-Lf. Based on the measured ζ-
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potentials (Fig. 3.3), at natural pH (Table 3.1), native-Lf should display a surface charge value of 
approximately 20 mV, holo-Lf an intermediate value of approximately 12 mV while apo-Lf a value 
of close to zero (approximately 4 mV). It is therefore clear that the surface charge properties are not 
dominating the rheological properties but rather they are governed by other inter-particle 
interactions and the hydration property of Lf in aqueous solution. It thus appears that the molecular 
conformation, especially the tertiary structure, of the different Lf forms caused by the level of iron 
saturation is controlling these properties.  
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Figure 3.5 Apparent viscosity as a function of shear rate for 1% (wt/wt) apo- (•), native- (ο) and 
holo-Lf () solutions at natural pH. Rheological measurements were done at 20˚C.  
Shear thinning behaviour was noticed for all Lf- samples as their viscosities decreased with 
increasing shear rate (Fig. 3.5). These results confirm that bovine Lf in aqueous solutions at natural 
pH behaves as a non-Newtonian fluid and disagrees with that reported by Gouveia and Tiffany 
(2005) for human tear-Lf. This discrepancy might be due to very low concentration of Lf (1.65 
mg/mL) and Lf of different origin (human tear) used in their experiment. 
3.4 Conclusion 
The CD spectra of apo-, native- and holo-Lf showed that the binding of iron to Lf did not alter the 
secondary structure but affected the tertiary structure. In addition, it appeared that some minor 
chemical differences existed for apo-Lf based on the observations of surface charge property, where 
apo-Lf acted differently from native- or holo-Lf, and also the fact that apo-Lf had reduced iron-
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binding capacity compared to native-Lf. Thermal stability studies showed that level of iron 
saturation led to increase in thermal stability of the Lf with an increase in enthalpy change of 
denaturation. In addition, at very low ionic concentration, the effect of pH in thermal stability is 
non-significant. Yet, the slightly higher denaturation peak of apo-Lf as compared to the major peak 
of native-Lf could be related to the different properties of apo-Lf, however, it is not fully 
understood and needs further investigation. The surface tension study showed that the presence or 
absence of iron in Lf had significant effect on its surface tension property. The apparent viscosity of 
holo-Lf was found to be higher than and significantly different from that of apo- or native-Lf. This 
pointed to the fact that this property is not dominated by charge-charge interactions between the 
proteins but instead correlates with the tertiary structure of the different forms of Lf. This research 
characterized the different forms of bovine Lf for the first time on the basis of color, surface 
property and rheological property using quantifiable values. To understand this behaviour better, 
inter-particle interactions and hydration property of Lf in aqueous solution need to be explored. The 
research clearly showed that the binding of iron to Lf imparted several changes to its physico-
chemical properties. 
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Supplementary Data for Chapter 3: 
Absorption FTIR spectra of apo-, native- and holo-Lf 
Infra-red spectra for apo-, native- and holo-Lf were obtained using a FTIR 100 series Perkin-Elmer 
spectrometer fitted with a DTGS (deuterated triglycine sulphate) detector using the Universal 
attenuated total reflectance (ATR).Spectrums were recorded at room temperature (22 ± 1˚ C) on 
solid samples at a resolution of 4 cm−1, under an optimum force of 100 (machine arbitrary scale) 
over the range 1800 – 1200 cm-1.  
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Figure S-3.1 Absorption FTIR spectra of apo- (), native- (….) and holo-Lf (----). The measurements 
were made in solid samples. 
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CHAPTER 4. 
EVALUATION OF DIFFERENT METHODS FOR DETERMINATION OF 
THE IRON SATURATION LEVEL IN BOVINE LACTOFERRIN. 
 
Abstract 
Lactoferrin (Lf) samples with ca. 25, 50, 75, 85 and 100% iron saturation were prepared for the 
purpose of evaluating Chromametry, Differential Scanning Calorimetry (DSC) and Circular 
Dichroism (CD) spectropolarimetry for their suitability in determining the iron saturation level. 
Numerical values for colour from Chromametry, enthalpy change of denaturation (∆Hcal) from DSC 
and molar ellipticities from CD were statistically analysed to evaluate their correlation with the 
level of iron saturation in Lf. Linear regression analysis of colour coordinates Chroma (C*) and hue 
(h˚) angle on percentage iron saturation level of Lf showed that the values can be used to estimate 
the iron saturation level. The ∆Hcal for the iron saturated peak and the CD ellipticities in the 310 – 
340 nm region provided reliable data for the estimation of iron saturation level of Lf up to 75%. 
Mono- and di-saturated Lf displayed the same thermal stability and very similar tertiary structures.  
4.1 Introduction 
Lactoferrin (Lf), a glycoprotein found in different biological fluids of mammals, belongs to the 
transferrin family, responsible for regulation of iron level in vertebrates (Conesa et al., 2008; 
Abdallah & El Hage Chahine, 2000). Bovine Lf is composed of a single polypeptide chain having 
689 amino acids and 4 glycans and has a molecular mass of 80,000 – 84,000 Daltons. Lf is folded 
into two homologous globular lobes, N- and C-lobes representing the N and C-terminals of the 
molecule, respectively. Each lobe is composed of two sub-lobes. These sub-lobes are capable of 
reversibly binding a ferric ion (Fe3+) in the presence of (bi) carbonate (Steijns & van Hooijdonk, 
2000). Lf has the ability to bind iron with high affinity (KD ~ 10-20 M) but can also bind many other 
metal ions with lower affinity ((Moore, Anderson, Groom, Haridas, & Baker, 1997; Baker & Baker, 
2005; Indyk, McGrail, Watene, & Filonzi, 2007). In nature, bovine Lf, exists in a partly iron-
saturated (15 – 20%) form (native-Lf), which has been described as mixture composed of iron free 
(apo-) Lf, iron saturated (holo-) Lf but also monoferric Lf species saturated at either their N or C 
lobe (Brisson, Britten, & Pouliot, 2007).  
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The molecular conformation of Lf changes depending upon the binding of iron to its iron binding 
sites. Lf having bound iron has a more compact structure compared to iron free Lf as the open inter-
domain cleft in each lobe of the Lf, are closed over in the case where the iron ion is bound. Thus, 
the compact molecular structure of iron saturated Lf has been attributed to its higher resistance to 
thermal denaturation and proteolysis than iron free Lf (Sánchez et al., 1992). With regards to the 
lobe structure, the two domains of the C-lobe are more closed over the iron site than those of the N-
lobe, which lead to greater thermodynamic stability of, and slower iron release from the C-lobe 
compared with the N-lobe (Anderson, Baker, Norris, Rice, & Baker, 1989). Apart from the closed 
lobe structure over iron, the affinity for iron of the C-site has been reported to be higher than that of 
the N-site (Abdallah & El Hage Chahine, 2000). 
The percentage iron saturation of Lf is most commonly determined from UV-Visible 
spectrophotometry by measuring the ratio of A465nm/A280nm (Brisson et al., 2007; Hashizume, 
Kurado, & Murakami, 1987; Ainscough et al., 1980; Mazurier & Spik, 1980; Hadden, Bloemendal, 
Haris, Srai, & Chapman, 1994). Due to the large difference in absorbance values at the two 
wavelengths used, however, large errors can easily be introduced using this method as we have 
previously reported (Bokkhim et al., 2013). Very recently, Majka et al. (2013) also reported that 
spectrophotometric method can lead to substantial deviations when used to measure the iron content 
in lactoferrin samples containing a mixture of diferric and monoferric forms. Alternatively, methods 
which measure the total amount of iron directly have been reported and include Inductively 
Coupled Plasma Optical Emission Spectrophotometer (ICP-OES) (Sreedhara et al., 2010; Bokkhim 
et al., 2013); Atomic Absorption Spectrophotometer (AAS) (Paulsson, Svensson, Kishore, & Naidu, 
1993) and radioactivity (Bovell-Benjamin, Viteri, & Allen, 2000). Such approaches are valid when 
it can be shown independently that all the iron present in a sample is bound to the protein. In 
combination with iron determination, the Dumas method is typically used to determine the protein 
content in Lf (Brisson et al., 2007; Bokkhim et al., 2013) thereby allowing calculation of the iron 
saturation level.  
The colour of Lf is due to the presence of bound iron and its intensity depends upon the degree of 
iron saturation (Steijns & van Hooijdonk, 2000). This forms the basis of the use of UV-visible 
spectroscopy to determine iron saturation and has been recently quantified using a Chromameter by 
Bokkhim, Bansal, GrØndahl, and Bhandari (2013) in terms of the colour space parameters and polar 
coordinates. The study showed that redness, yellowness and colour intensity increased with 
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increasing level of iron saturation while whiteness decreased and the colour perception shifted from 
yellow towards red. 
Differential scanning calorimetry (DSC) has been used widely to detect and monitor the thermally 
induced conformational and phase transitions in samples as a function of temperature. DSC has 
been widely applied to the study of the thermal resistance of Lf to denaturation which has been 
found to depend on the form of Lf (Bengoechea, Peinado, & McClements, 2011; Rüegg, Moor, & 
Blanc, 1977; Paulsson et al., 1993, Sánchez et al., 1992; Bokkhim et al., 2013). Thus, ironfree (apo-
), partially iron saturated (native-) and iron saturated (holo-) Lf demonstrated different denaturation 
rates and temperatures. Most studies have reported one thermal transition for apo-Lf and holo-Lf 
but two for native-Lf (Bengoechea et al., 2011; Paulsson et al., 1993, Sánchez et al., 1992; Bokkhim 
et al., 2013).  
Circular Dichroism (CD) spectropolarimetry has been used extensively to characterise the 
secondary and tertiary structure of proteins in solution by measuring absorption of left and right 
circularly polarised light (Yang, Wu, & Martinez, 1986). For Lf, the CD spectra reported in a 
number of studies have been in good agreement (Shimazaki, Kawano, & Yoo, 1991; Brown & 
Parry, 1974; Nam, Shimazaki, Kumura, Lee, & Yu, 1999; Mazurier, Aubert, Loucheux-Lefevre, & 
Spik, 1976) and have shown that iron binding of Lf only affected the tertiary structure leaving the 
secondary structure unaltered (Brown & Parry, 1974; Bokkhim et al., 2013). Furthermore, 
Shimazaki, Kawano and Yoo (1991) concluded that the CD spectrum of native-Lf is composed of 
the combined CD bands of apo- and holo-Lf.  
Researches in the past have focussed on the characterisation of the three most common forms of Lf 
(apo-, native- and holo-Lf) but have not systematically studied the effect of increasing levels of iron 
saturation on parameters mentioned above; colour, thermal stability and CD spectra. Studies on the 
effect of the level of iron saturation on these parameters will enable the development of a simple 
and reliable instrumental method to determine the level of iron saturation in Lf samples.  
This study aimed to investigate the potential of DSC, CD and colorimetric techniques for the 
evaluation of the level of iron saturation in Lf and also to provide further insight into the 
mechanism of iron binding by Lf.  The experiments were performed on the iron free or apo- (0.9%), 
native- (12.9%), partly iron saturated Lf, ca. 25% (Lf-25), ca. 50% (Lf-50), ca. 75% (Lf-75), ca. 
85% (Lf-85) and completely iron saturated (holo-) Lf. A correlation between the percentage of iron 
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saturation and denaturation enthalpy, colour intensity and molar ellipticity was established. 
Furthermore, the data obtained enabled evaluation of the mechanism for iron binding to Lf. 
4.2 Materials and Methods 
4.2.1 Materials 
Bovine lactoferrin (NatraFerrin) in its iron free state (~ 0.9%) and native form (partially iron 
saturated, ~ 13%) with purity of 97 and 96.3% (of protein content) respectively were provided by 
MG Nutritionals®, Australia. Tris (hydroxymethyl) methane and potassium chloride (purity > 
99.8%); sodium bicarbonate (purity > 99.7%); sodium acetate trihydrate, nitrilotriacetic acid 
(NTA), sodium hydroxide and acetic acid (purity > 99%); ferric nitrate nonahydrate and sodium 
chloride (purity > 98%) and hydrochloric acid (concentration > 31.5%) were purchased from one of 
the following companies: Merck Pty. Ltd., Biolab (Aust) Ltd., Chem-supply Pty. Ltd., Ajax 
Finechem Pty. Ltd. and Sigma Aldrich Co., Australia. Cellulose membrane dialysis tubing with an 
average flat width of 76 mm (D9402) and a 12,400 Dalton molecular mass cut off was purchased 
from Sigma Aldrich Co., Australia. All chemicals used in this study were of analytical grade. 
Millipore water was used for the preparation of all solutions. 
4.2.2 Preparation of iron saturated Lf 
Lactoferrin samples with different levels of iron saturation were prepared from native-Lf following 
the procedure described in our previous paper (Bokkhim et al., 2013).  Calculated amounts of 
freshly prepared ferric nitrilotriacetic acid (FeNTA) solution [9.9 mM ferric nitrate and 8.5 mM 
nitrilotriacetic acid (disodium salt) in milliQ water, pH adjusted to 7.0 with solid sodium 
bicarbonate] was added to the Lf solution to achieve the calculated molar ratio of iron:Lf of 2:1, 
1.7:1, 1.5:1, 1:1 and 0.5:1 respectively. The mixtures were incubated at room temperature (~ 20˚C) 
for 1 hour, dialysed against Millipore water for 48 hours under constant stirring with at least three 
changes of water and finally freeze dried. Gel electrophoresis (SDS PAGE under reducing 
conditions) was run to verify the purity of the Lf (commercial & dialysed) samples.  
4.2.3 Measurement of iron saturation in Lf 
To determine the iron saturation level in freshly prepared Lf, the total iron content of the Lf samples 
was measured by Inductively Coupled Plasma Optical Emission Spectroscopy (Varian Vista Pro 
Radial ICP-OES system, Melbourne, Australia) and the protein content by Dumas method 
(Rayment & Higginson, 1992). The values of iron content (mg/L) obtained from ICP-OES were 
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converted to percentage iron saturation based on the protein content (Lf) to iron. Based on 2 moles 
of iron per mole of Lf, a theoretical value of 1.4 mg iron per g Lf is considered as 100% saturation.  
4.2.4 Measurement of colour of Lf samples 
A hand-held Minolta Chromameter CR-400 (Japan) was used to measure the colour of Lf in 
aqueous solution (1% wt/wt). The L*, a*, b* colour space parameters developed by Commission 
International de IʹÉclairage (CIELAB) were used to evaluate the differences in colour. The colour 
space parameters are calculated from measured reflectance spectra representing red (R), green (G) 
and blue (B) regions in the visible wavelength region 400 – 700 nm. The calculated colour space 
values enable the colour to be defined in terms of its Cartesian coordinates with respect to the axes 
L*, a* and b* in a uniform three dimensional colour space.  The L* value represents lightness, or a 
spectrum from black = 0 to white = 100, a* represents a spectrum from red (+) to green (-) and b* 
represents a spectrum from blue (-) to yellow (+). However, the values of a* and b* need to be 
converted into polar coordinates, Hue angle (h˚) and Chroma (C*) for appropriate colour 
measurement (McGuire, 1992; Weatherall & Coombs, 1992).  
The polar coordinates are calculated using the following formulas: 
Hue angle, h˚= Arctangent (b*/a*) 
Where the values represent: 0˚= red purple, 90˚= yellow, 180˚=bluish green and 270˚=blue. 
Chroma, C* = [(a*)2 + (b*)2]1/2 
C* is an index of colour saturation or intensity.  
The Lf samples were prepared in Millipore water and allowed to stand under refrigeration 
overnight. All measurements were done at room temperature (24 ± 1 ˚C). A plastic petri dish 
(internal diameter ~ 30 mm) was filled with 5 mL sample for measurement. All measurements were 
done by placing the petri dish upon the calibration plate supplied to reduce background effect. 
Three readings were recorded in triplicate for each sample. 
4.2.5 Measurement of thermal denaturation of Lf samples 
Differential Scanning Calorimetry (DSC1 STARe System, METTLER TOLEDO, Schwerzenbach, 
Switzerland) was used to study the thermal transition properties of Lf samples. A scanning rate of 
10 ˚C/min under nitrogen flow was used in a temperature range of 25 – 100˚C. The Lf concentration 
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in the sample solutions (Millipore water) were adjusted to 10% (wt/wt). 10 µL solution was 
introduced into aluminium pans (1/3 ME-51119870 Aluminium crucibles 40 µL without pin and 1/2 
ME-51119871 aluminium lids) and sealed for analysis. An empty sealed aluminium pan of the same 
size was used as reference. Samples were analysed in triplicates. Thermograms were analysed using 
STARe Excellence Software (METTLER TOLEDO).  The temperature of maximum heat 
absorption (Tmax) and the enthalpy change (∆Hcal) of denaturation were determined based on the 
transition peak obtained by the DSC where the value for ∆Hcal was calculated by integrating the 
peak area using a straight baseline drawn from the onset to the end of thermal transition and was 
normalised to the dry weight of the Lf sample.  
4.2.6 Measurement of structural conformation of Lf samples 
The structural conformation of Lf samples were analysed by CD-spectropolarimetry. The CD 
spectra were recorded using a Jasco J-710 Spectropolarimeter (Japan) with a J-700 Spectra manager 
software in aqueous solution with Millipore water as the background. Three different Ultra-violet 
(UV)/Visible (Vis) wavelength regions of 300 – 600 nm, 250 – 350 nm and 200 – 250 nm were 
used for spectral comparison.  For higher wavelength regions 300 – 600 nm and 250 – 350 nm, 
0.5% (wt/wt) Lf solutions were used while the concentrations of the samples were reduced to 0.01% 
(wt/wt) for lower UV wavelength region 200 – 250 nm. All recordings were done at room 
temperature and the ellipticities were expressed as mean residual molar ellipticity [θ]MRW in deg 
cm2/dmol of protein using mean residual weight of 116.  
4.2.7 Statistical analysis 
All experiments were conducted in triplicate unless otherwise stated and the data is reported as 
mean ± SD. Where applied, significance of differences between the values was assessed by 
Analysis of Variance (ANOVA) with Tukey’s HSD post hoc test, family error rate 5 at 95% 
confidence level using MiniTab 16. Sigma Plot 12.0 was used to plot the graphs with standard 
errors (SE) and to analyse the linear regressions. 
4.3 Results and discussion 
4.3.1 Chemical characterization of Lf samples 
ICP-OES and Dumas methods were used for iron and protein determination in Lf samples. As 
shown in Table 4.1, the calculated percentage iron saturation of Lf prepared by adding different 
amounts of FeNTA were within error of the theoretical values.  
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The percentage iron saturation of Lf samples were also calculated based on the ratio of light 
absorption at 465 and 280 nm as measured by UV-Visible Spectrophotometry according to 
Hashizume, Kuroda and Murakami (1987). Values of 12, 22, 53, 73, 75 and 97% were obtained for 
native-Lf, Lf-25, Lf-50, Lf-75, Lf-85 and holo-Lf respectively. Due to very low level of iron present 
in apo-Lf, it did not produce absorbance maximum at 465 nm. These values are regarded less 
accurate than those listed in Table 1 due to both the ICP-OES and Dumas methods being direct 
methods (Bokkhim et al., 2013). Gel electrophoresis (SDS PAGE, reducing condition) confirmed 
that the purity of commercial and dialysed Lf samples were > 96% and within the specification 
provided by the manufacturer.  
4.3.2 Colour parameters dependence on iron saturation level of Lf 
The colour parameters of the aqueous solutions of Lf (1% wt/wt) differed according to their level of 
iron saturation. With an increase in iron saturation level, the intensity of redness (a*) and yellowness 
(b*) increased while lightness (L*) decreased (Fig. 4.1). With increasing level of iron saturation, the 
chroma or colour intensity (C*) also increased with the colour perception (h˚) shifting from yellow 
towards red. The intensity (C*) of colour were significantly different (P < 0.05) for all samples 
except for Lf-75 and Lf-85 and the perception (h˚) of Lf-85 was not significantly different from that 
of holo-Lf (For L*, a*, b*, C*& h˚ values, see supplementary data, Table S-4.1). This showed that a 
difference in iron saturation level generates a significant change in colour parameters including the 
perception and intensity.  Furthermore, significantly linear regression was achieved for the polar 
coordinates (Lf% Iron saturation = ‒ 11.24 + 4.76 C*; R2 = 0.98, P < 0.0001 and Lf% Iron saturation = 487.29 
‒ 5.88 h˚; R2 = 0.92, P = 0.0006) on the level of iron saturation of Lf (Fig. 4.2). Thus, these values 
should be used in combination for accurate estimation of the percentage iron saturation in Lf. 
Chromametric results for commercial and dialysed apo- and native-Lf were not different which 
might be due to the high purity of the samples supplied by the manufacturer. It is recommended, 
however, to dialyse as reported particularly if purity is low. Absorbance spectra in the visible range 
(400 – 600 nm) were also obtained for the different Lf samples using UV-Visible 
spectrophotometer and their linear relationship with level of iron saturation evaluated at the 
absorbance maximum of 465 nm (Data not included, see supplementary Fig. S-4.1 and S-4.2). The 
results obtained were in agreement with that of Chromameter. 
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Figure 4.1Radar chart displaying the colour space parameters (L*, a*, b*) and polar coordinates (C*, h˚) for Lf 
samples with different levels of iron saturation. Apo-Lf (green), native-Lf (orange), Lf-25 (pink), Lf-50 (blue), 
Lf-75 (red), Lf-85 (purple), holo-Lf (black). 
 
Figure 4.2 Relationship between % iron saturation and changes in C* (•) and h˚ (ο) of Lf (analysed by Chromameter on 
1% Lf solution).  
4.3.3 Thermal properties relationship with iron saturation level of Lf 
Thermal transition properties of different Lf samples in aqueous solution at their natural pH were 
studied by DSC using a heating rate of 10 ˚C/min. The denaturation peak (Tmax) and change in 
enthalpy (∆Hcal) values of the thermograms obtained are tabulated in Table 4.1.  The apo-Lf showed 
a single denaturation peak (Tmax) at 70 ˚C whereas the Lf-75, Lf-85 and holo-Lf showed a single 
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denaturation peak at 89 – 91 ˚C. Native-Lf and the partially iron saturated Lf-25 and Lf-50 samples 
showed two denaturation peaks, the first peak at lower temperature (60 – 64 ˚C) followed by a 
second peak at higher temperature (88 – 92 ˚C). There was no significant shift (P > 0.05) in the 
position of the first peak of partially iron saturated Lf. However, the change in enthalpy (∆Hcal) of 
the first peak decreased significantly (P < 0.05) with an increase in the level of iron saturation. 
Regarding the second peak, though the change in denaturation temperature was not significant (P > 
0.05), the change in enthalpy (∆Hcal) was affected significantly (P < 0.05) by the level of iron 
saturation.  Beyond an iron saturation level of 75%, the ∆Hcal values were not significantly (P > 
0.05) different.  The observed Tmax values for apo-, native and holo-Lf are in agreement with those 
previously published by Paulsson, Svensson, Kishore and Naidu (1993), Bengoechea, Peinado and 
McClements (2011) and Bokkhim et al. (2013). In the current study, apart from apo-Lf, all other 
samples were prepared from native-Lf and for all of these samples the first denaturation temperature 
was of a similar value. The second peak of native-Lf, Lf-25 and Lf-50 coincided with the peak of 
Lf-75, Lf-85 and holo-Lf (Tmax of 88.9 – 91.2 ˚C). Considering a linear regression (Lf% Iron saturation = 
2.50 + 3.33Hcal 2; R2 = 0.99, P = 0.0004) of the enthalpy change of denaturation for the second peak 
for samples with 75% iron saturation or less (Fig. 4.3) it can be seen that the level of iron saturation 
has positive correlation with the ∆Hcal2. At the same time, the ∆Hcal1 for the first peak (Lf% Iron 
saturation = 69.95 – 5.0Hcal 1; R2 = 0.94, P = 0.0062) decreases in a linear manner with iron saturation 
level for samples with 75% iron saturation or less. Based on this outcome, from the value of ∆Hcal  
for both peaks, the percentage iron saturation of Lf can be predicted for samples with 75% or less 
iron saturation as the linear regression was significant (R2 > 0.98, P = 0.000).  
Table 4.1 
Thermal transition properties of Lf (concentration 10%, wt/wt). 
Sample Iron saturation# 
(%) 
Peak 1* 
Tmax 1 (˚C) 
Enthalpy 1* 
Hcal 1 (J/g) 
Peak 2* 
Tmax 2 (˚C) 
Enthalpy 2* 
Hcal 2(J/g) 
Apo-Lf 
  0.9 ± 0.1 70.4 ± 0.0a 13.7 ± 0.6a ND ND 
Native-Lf 12.9 ± 0.1 60.6 ± 0.2b 13.1 ± 0.1a 89.4 ± 0.5a   2.1 ± 0.3a 
Lf-25 24.9 ± 1.4 61.5 ± 0.7b   8.8 ± 1.4b 90.3 ± 0.1ab   6.2 ± 0.2b 
Lf-50 49.2 ± 0.9 62.9 ± 0.6c   2.1 ± 0.2c 90.5 ± 0.5ab 15.1 ± 1.7c 
Lf-75 76.6 ± 2.2 ND ND 90.5 ± 0.4ab 20.1 ± 1.3d 
Lf-85 86.9 ± 3.3 ND ND 91.1 ± 0.1b 21.6 ± 1.0d 
Holo-Lf 99.7 ± 2.7 ND ND 90.5 ± 0.7ab 21.6 ± 1.0d 
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#The Iron saturation (%) of Lf samples were calculated based on iron (ICP-OES) and protein (Dumas) 
contents.*Mean values of Tmax and Hcal (vertical column) that do not share a letter are significantly 
different at P < 0.05, ND = Not detected. 
 
Figure 4.3 Relationship between % iron saturation and changes in denaturation enthalpy of Lf (analysed by DSC on 
10% solution of Lf). Enthaply 1(•) and Enthalpy 2(ο).  
4.3.4 Changes in structural conformation of Lf with iron saturation level 
The CD spectra of different Lf samples in aqueous solution recorded in the wavelength regions of 
200 – 250 nm, 250 – 350 nm and 300 – 600 nm are shown in Figure 4.4 (A-C). For all lactoferrin 
samples, in the 200 – 250 nm region, the general spectra are composed of a broad negative band 
centred at 208 – 210 nm and a shoulder at 215 – 217 nm (Fig. 4.4A). In the 250 – 350 nm region 
(Fig. 4.4B), all the Lf samples demonstrated a positive peak at 252 – 253 nm, a negative band 
centred at 268 – 272 nm and a negative shoulder at 282 – 286 nm. However, beyond 290 nm, though 
all Lf samples generated a peak at 291 – 292 nm and a band at 296 – 297, the ellipticities for apo-, 
native- and Lf-25 peak were mostly negative while that of Lf samples with iron saturation levels 
above 50% were positive. Though a similar trend was noted for the 296 – 297 band, the Lf-50 
displayed a negative ellipticity.  All the Lf samples produced positive ellipticities above 310 nm, 
except for apo-Lf. In the wavelength region of 310 – 340 nm, the effect of iron binding could be 
seen distinctly as an increase in iron saturation level resulted in more positive ellipticities. Beyond 
the iron saturation level of 75%, no change was noted. In the wavelength region of 400 – 460 nm, a 
broad negative band centred at 455 nm was very prominent for all samples and this band increased 
with increasing iron saturation level up to 75% saturation (Fig. 4.4C). Similar CD spectra for apo-, 
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native- and holo-Lf have been reported by Shimazaki et al. (1991) and for apo- and holo-Lf by 
Brown and Parry (1974) with only minor variations in the peak positions and ellipticities.  Since the 
ellipticities in the 310-340 nm region were significantly different (P < 0.05) for all samples except 
those with iron saturation level above 75%, it appears that in this region, a good correlation between 
the iron content and the change in ellipticities of the samples could be established. Furthermore, 
when the ellipticities were analysed within the ranges of 310 – 320, 320 – 330 and 330 – 340 nm, 
the lowest Standard Error of Estimate (SEE < 1) was achieved for 320 – 330 nm. Thus, the 
ellipticities in this region (Lf%Iron saturation = 7 + 1.47 Molar ellipticity; R2 = 0.99, P < 0.0001) (Fig. 
4.5) provide the most accurate predictions of the iron saturation level of Lf for samples with up to 
75% saturation. (For ellipticities values at different wavelength regions, seesupplementary data, 
Table S-4.2). 
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Figure 4.4 Circular dichroism spectra of apo-Lf (•, Green), native-Lf (ο, Orange), Lf-25 (, Pink), Lf-50 (∇, Blue), Lf-
75 (, Red), Lf-85 (, Purple) and holo-Lf (♦, Black). At 200 – 250 nm (A), 250 – 350 nm (B) and 300 – 600 nm (C). 
(the units of residual molar ellipticity for A is 10-3 degree cm2/dmol and for B and C are degree cm2/dmol of protein).  
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Figure 4.5 Relationship between % iron saturation and changes in residual molar ellipticity of Lf at 320 – 330 nm. 
Plots that do not share a letter are significantly different at P < 0.05. 
4.3.5 Analysis of mechanism of iron binding based on DSC and CD studies 
Based on the results from the current DSC and CD studies of a series of Lf samples with different 
levels of iron substitution, the mechanism of iron binding of Lf can be evaluated. It is well 
established that apo-Lf display a denaturation peak at low temperature (61 – 70˚C) while holo-Lf 
display a denaturation peak at high temperature (89 – 93˚C) (Bokkhim et al., 2013; Paulsson et al., 
1993). From the observations in the current study that Lf-75 displayed only one denaturation peak 
at 90.5 ± 0.4 ˚C (Table 4.1), it can be concluded that both mono- and di-substituted Lf contributes to 
this high temperature denaturation peak. Thus, at 75% saturation level, it is not possible to have Lf 
solely in the di-iron saturated form and the presence of apo-Lf is below the detection limit (no low 
temperature denaturation peak observed) leading to the Lf-75 sample best described as mixture of 
mono- and di-substituted (holo-) Lf. Furthermore, Lf-75, Lf-85 and holo-Lf have similar ∆Hcal   
values indicating that mono- and di-iron saturated Lf have similar thermal properties. Previous 
studies have observed that binding of iron to Lf increases the thermal stability of the protein 
(Sánchez et al., 1992; Paulsson et al., 1993; Conesa et al., 2008; Bokkhim et al., 2013), however, 
until now, it could not be evaluated if the mono-saturated Lf protein had similar thermal properties 
to that of apo- or holo-Lf.  
The Lf samples in the current study displayed similar spectroscopic features in the CD spectra of 
the 200 – 250 nm region with only minor differences in magnitude, which supports the fact that 
binding of iron to Lf does not affect the secondary structure. In addition, the CD spectra observed in 
250 – 300 and 300 – 600 nm regions showed that the binding of iron to Lf does affect the tertiary 
structure as the samples with a higher level of iron saturation produced more positive ellipticities 
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particularly above 290 nm and more negative ellipticities around the 420 – 500 nm region. These 
observations are in agreement with previous studies by Brown and Parry (1974) (who based their 
work on two samples; apo- and holo-Lf). The current study furthermore observed that the CD 
spectra in the 310 – 340 nm wavelength region (Fig. 4.4B), increased significantly in the positive 
ellipticities with the level of iron saturation, however, the increase was insignificant for Lf-85 and 
holo-Lf. This demonstrates that both mono- or di-substituted Lf contribute to the increase in 
ellipticity in this wavelength region. Furthermore, it indicates that while there is a significant 
change in tertiary structure upon binding of the first iron ion to apo-Lf, there is no major change in 
tertiary structure upon binding of the second iron ion, i.e. no difference between mono- and di-
substituted Lf. It therefore appears that it is the change in tertiary structure upon iron binding 
(saturating just one iron binding site in the protein) that causes the increased thermal stability of the 
protein while binding of the second iron ion has no added benefit in this regard.   
Previous studies have investigated the composition of native-Lf. Findings by Makino and 
Nishimura (1992) using ion-exchange chromatography for human Lf and by Kumar and Bhatia 
(1988) using gel electrophoresis for buffalo Lf have both shown that native-Lf is composed of a 
mixture of apo-, monosubstituted and holo-Lf and that apo- and monosubstituted Lf dominate. This 
indicates that binding of iron to Lf is governed by neither strong positive nor strong negative 
cooperativity and our DSC data is in agreement with this. 100% positive cooperative binding should 
have generated two peaks (ratio 1:4) for Lf-75 but only one peak was present. Likewise, 100% 
negative cooperativity should have generated only one peak for Lf-50, however, two were observed. 
Our data is not able to discriminate between non-cooperative and weak positive cooperative binding 
and is thus in agreement with the study by Ward, Zhou and Conneely (1996). In their study using Lf 
mutants, they concluded that cooperative interaction between the N- and C- lobes is a major 
contributor towards iron binding property of human-Lf. Furthermore, they showed that a functional 
iron-binding C-lobe is required to impart full iron binding capacity to the N-lobe which, otherwise 
result in only ~ 80% saturation. This cooperative binding of iron to Lf has, based on 
crystallographic studies, been attributed to the rigidity of the α-helix causing strong interactions 
between the two lobes (Ward, Zhou, & Conneely, 1996). Overall, the data of the current study has 
enhanced the understanding of iron binding to bovine Lf. 
4.4 Conclusion 
Chromameter, DSC and CD Spectropolarimetry were used to measure the colour coordinates, 
enthalpy of heat denaturation and residual molar ellipticities of Lf samples with different levels of 
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iron saturation. Linear regression was conducted on numerical values obtained from these 
techniques against level of iron saturation of Lf to establish their relationship. The chromametric 
polar coordinates (C*, h˚) showed that Lf with different levels of bound iron generate different 
coloured aliquots (1% wt/wt). Thus, the chromametric method, which depends on colour rather than 
conformational changes induced by iron binding, can be used satisfactorily to determine the level of 
iron saturation of Lf if proper standard curve is developed within a laboratory. On the other hand, 
the DSC and CD methods being based on protein structure (conformational) changes, could not 
detect the iron saturation beyond 75% due to similar structures of mono- and diferric lactoferrin.   
Furthermore, by analysing the results from DSC thermograms and CD spectrographs, it was 
established that mono- and di-saturated Lf display similar thermal stability and tertiary structure and 
that the increased thermal stability can be attributed to binding of the first iron ion of Lf. Based on 
these data for our series of Lf protein with varying percentage iron saturation, it could be concluded 
that the mechanism of iron binding to Lf can be described as weak positive cooperative binding.  
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Supplementary Data for Chapter 4. 
Table S-4.1 
Mean L*, a*, b*, C* and h˚ values for 1% (wt/wt) different Lf aqueous solution at natural 
(unaltered) pH. 
Sample L* a* b* C* h˚ Remarks 
Apo-Lf 65.69 ± 0.23a 0.12 ± 0.01a   1.60 ± 0.08a   1.61 ± 0.08a 85.64 ± 0.40a Mean (n = 6) ± SD 
Native-Lf 64.52 ± 0.17b 0.72 ± 0.03a   4.26 ± 0.14b   4.32 ± 0.14b 80.38 ± 0.09b  
Lf-25 62.36 ± 0.32c 1.99 ± 0.09b   8.35 ± 0.49c   8.59 ± 0.50c 76.60 ± 0.17c  
Lf-50 59.98 ± 0.24d 4.19 ± 0.08c  13.43± 0.18d 14.07 ± 0.19d 72.69 ± 0.10d  
Lf-75 57.31 ± 0.42e 6.60 ± 0.95d 17.17 ± 1.94e 18.39 ± 2.15e 69.04 ± 0.62e  
Lf-85  56.93 ± 0.25e 7.05 ± 0.40d 17.74 ± 0.85e 19.09 ± 0.93e 68.35 ± 0.18f  
Holo-Lf 55.86 ± 0.06f 8.48 ± 0.13e 21.08 ± 0.20f 22.72 ± 0.23f 68.09 ± 0.12f  
Means values (columns) that do not share a letter are significantly different at P < 0.05. 
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Table S-4.2 
Comparison of ellipticities of different Lf samples at different wavelength regions.  
 Ellipticities at different wavelength regions (Mean±SD) 
Sample 208 – 210 
nm 
215 – 217 
nm 
252 – 253 
nm 
291 – 292 
nm 
296 – 297 
nm 
310 – 320 
nm 
320 – 330 
nm 
330 – 340 
nm 
420 – 430 
nm 
450 – 460 
nm 
Apo Lf 
-38.4 ± 0.5ab -35.1 ± 1.0a 10.7 ± 1.8a   5.8 ± 4.4ab -35.7 ± 2.5a -3.1 ± 5.0a -3.7 ± 4.1a -1.8 ± 2.7a   -0.0 ± 5.2a    0.5 ± 6.2a 
Native Lf 
-40.2 ± 1.0b -37.1 ± 0.2b 13.8 ± 4.3a  -1.3 ± 7.5b -36.8 ± 4.4a   3.0 ± 5.8b   3.6 ± 4.2b   5.7 ± 5.1b   -4.3 ± 5.0ab   -4.0 ± 7.0ab 
Lf-25 
-36.6 ± 0.3c -33.2 ± 0.4c 10.1 ± 3.9a   1.7 ± 7.2b -29.3 ± 2.0a 11.5 ± 6.3c 12.7 ± 4.3c 12.8 ± 3.7c   -5.0 ± 4.2bc   -3.4 ± 6.7ab 
Lf-50 
-39.8 ± 0.9bd -36.9 ± 0.4b 15.8 ± 3.6ab 23.5 ± 1.6ac   -9.4 ± 1.0b 28.2 ± 4.2d 27.9 ± 4.7d 26.4 ± 4.4d   -9.4 ± 4.6c   -9.0 ± 6.4b 
Lf-75 
-34.6 ± 0.8e -31.9 ± 0.4d 32.7 ± 5.4c 44.8 ± 4.3d  17.6 ± 3.9c 48.9 ± 5.5e 46.8 ± 3.7e 45.7 ± 6.3e -25.4 ± 4.7d -26.4 ± 6.6c 
Lf-85 
-37.9 ± 0.8c -35.1 ± 0.3a 30.0 ± 6.4c 37.5 ± 6.7cd  17.2 ± 5.0c 43.2 ± 5.5e 44.7 ± 3.9e 41.8 ± 4.1e -24.0 ± 5.4d -25.5 ± 5.7c 
Holo Lf 
-38.6 ± 0.8ad -35.2 ± 0.2a 24.9 ± 3.1bc 38.6 ± 11.3cd  18.6 ± 1.0c 44.2 ± 5.6e 44.1 ± 4.5e 43.7 ± 4.7e -25.3 ± 4.9d -28.9 ± 5.8c 
The ellipticities (columns) that do that share a letter are significantly different.  
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CHAPTER 5. 
INTERACTIONS BETWEEN DIFFERENT FORMS OF BOVINE 
LACTOFERRIN AND SODIUM ALGINATE AFFECT THE PROPERTIES 
OF THEIR MIXTURES 
 
Abstract 
The interactions between different forms (apo-, native- and holo-) of lactoferrin (Lf) and sodium 
alginate at different ratios in aqueous solution in the pH range of 4 – 7 were evaluated. Fourier 
transform infra-red (FTIR) spectra of freeze dried mixtures showed shifts only in the bands arising 
from the carboxylate groups of alginate relative to physical mixtures; indicating intermolecular 
interactions involving COOˉ moieties of alginate. Circular dichroism (CD) spectroscopy showed 
that Lf retained its tertiary structure in the Lf-alginate mixtures. In the pH range of 4 – 7, the ζ-
potential of Lf-alginate solutions was significantly less negative than that of alginate indicating 
charge compensation. Native-PAGE results indicated that the extent of binding of Lf by alginate 
was dependent of the form of Lf with apo-Lf displaying a higher binding affinity. At natural pH, the 
Lf-alginate mixtures generated higher viscosities than their respective sodium alginate controls 
indicating the existence of intermolecular interactions between the two components. A mixture of 
native-Lf and sodium alginate showed the highest increase in the viscosity while increasing level of 
iron saturation in Lf showed an inverse effect on viscosity. DSC analysis showed that the thermal 
denaturation temperature of native- and holo-Lf can be enhanced upon interaction with alginate in 
solution.  
5.1 Introduction 
Intermolecular interactions, mainly electrostatic interactions between proteins and polysaccharides, 
are explored in the food and pharmaceutical industries for the development of successful protein 
delivery systems (Peinado, Lesmes, Andrés, & McClements, 2010). These interactions are 
influenced by the physico-chemical properties of the proteins and polysaccharides as well as 
environmental factors (pH, ionic strength, protein-to-polysaccharide ratio, temperature and mixing 
process) and can be manipulated to fabricate protein/polysaccharide complexes with a new set of 
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properties in comparison to the proteins and polysaccharides alone (Benichou, Aserin, & Garti, 
2002; Schmitt & Turgeon, 2011; Ye, 2008). As detailed by Tolstoguzov (1991), the interaction 
between proteins and polysaccharides may lead to either their co-solubility, incompatibility (phase 
separation), or complexation (soluble or insoluble). The charges on the proteins/polysaccharides, 
presence of oppositely charged side groups (acidic and basic) and availability of charged patches in 
the polyions can play decisive roles in complex formation. Soluble complexes can form when the 
net charges of proteins and polysaccharides are very different (Ye, 2008). 
The glycoprotein Lactoferrin (Lf) possesses a broad spectrum of functional properties towards 
humans and animals such as cellular growth regulation and differentiation, intestinal iron 
homeostasis, host defence against microbial infection and inflammation, regulation of myelopoiesis, 
immunomodulatory and anti-oxidant activities and protection against cancer (Conneely & Ward, 
2004; Guo, Pan, Rowney, & Hobman, 2007). In order to exploit these benefits, Lf is being 
increasingly used in health products. However, these functional properties of Lf are affected by 
different factors during production, storage, transport and consumption such as heat, salts, pH and 
enzymes (Abe et al., 1991; Naidu, 2006; Steijns, Brummer, Troost, & Saris, 2001; Eriksen et al., 
2010; Onishi, 2011). Lf is a cationic protein with positively charged regions most prominently at 
the N-terminus, as well as in an inter-lobe region between the C- and N-lobes close to a connecting 
helix (Moore, Anderson, Groom, Haridas, & Baker; 1997) and as such it has a high isoelectric point 
(pI ~ 8.0 – 9.0) (Baker, 2005; Brisson, Britten, & Pouliot, 2007, Ye & Singh, 2007; Bokkhim, 
Bansal, GrØndahl, & Bhandari, 2013). A substantial amount of research on Lf has been conducted 
by the pharmaceutical sector regarding its biochemical characterization and biological activities. In 
the food sector, studies have focussed on digestion and thermal stability mostly in Lf’s natural form 
in different food systems. Lately, several researchers have explored Lf’s technological properties 
(emulsifying and stabilizing) in oil-in-water emulsions (Bengoechea, Jones, Guerrero, & 
McClements, 2011; Bengoechea, Peinado, & McClements, 2011). In order to optimise stability and 
achieve safe delivery of Lf, its encapsulation in a high heat and acid stable matrix such as alginate is 
a potential avenue for new product development. The full potential of such a system can be reached 
only with the detailed knowledge of the intermolecular interactions between Lf and alginate and 
their effect on the properties of the mixture which can influence the fabrication of a delivery system 
and the release property of Lf.   
Sodium alginate is an anionic polysaccharide extracted from the brown algae which is composed of 
polymeric sequences of (1-4) linked β-D-mannuronate (M) and α-L-guluronate (G) residues 
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(Draget, 2009). Alginate molecules possess ion exchange property because of the presence of the 
carboxylic groups in both the M and G residues and have a high affinity for di- and tri-valent ions 
and cationic protein molecules molecules (Zhao, Li, Carvajal, & Harris, 2009). Electrostatic 
interactions between the negatively charged alginate polymer and positively charged proteins have 
been studied for lysozyme and chymotrypsin where gelling of the mixtures were observed (Wells & 
Sheardown, 2007) and for heat treated Lf particles where turbidity, dynamic light scattering and 
electrophoretic measurements were used to probe effect of pH and ionic strength (Peinado et al., 
2010). In addition, alginate has been used to encapsulate vascular endothelial growth factor (Gu, 
Amsden, & Neufeld, 2004) leading to its sustained release from the alginate matrix. The 
interactions between the protein and alginate are mainly controlled by the charge density of the 
protein and the type of alginate used (eg. M/G ratio, molecular mass) (Turgeon, Schmitt, & 
Sanchez, 2007). During the process encapsulating a protein, the functional properties of the protein 
might be altered due to eg. electrostatic interactions with the alginate matrix (McClements, 2006). It 
has been reported that with some proteins such as transforming growth factor-beta (TGF-β1), 
irreversible complex formation can occur between the protein and alginate molecules resulting in 
protein inactivation. In such cases additives that protect the protein from the alginate polymer 
should be added to retain protein activity (Gombotz & Wee, 1998).  
This study aims to investigate the interactions between different forms of Lf (apo-, native- and holo-
) and alginate in aqueous solution at the natural pH of the proteins and in the pH range of 4 – 7. As 
different forms of Lf demonstrate different physico-chemical properties (Bokkhim et al., 2013), it is 
important to investigate how those properties affect the intermolecular interactions in the Lf-
alginate mixtures. For many application of proteins, it is important to evaluate if the intermolecular 
interactions in the protein-polyelectrolyte complex affects the secondary and/or tertiary structure 
and thus functional properties of the protein, and in this study, this was evaluated using Fourier 
transform infra-red (FTIR) and circular dichroism (CD) spectroscopy. A measure of the binding 
affinity of different forms of Lf to alginate was evaluated using gel electrophoresis. ζ-potential 
measurements were done in order to evaluate complex formation and the properties of the mixtures 
were investigated through the use of viscosity, as well as DSC for the thermal properties of the 
protein in the mixtures. The research findings will provide fundamental information regarding the 
potential benefits and application of Lf-alginate mixtures.  
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5.2 Materials and methods 
5.2.1 Materials 
Two forms of bovine lactoferrin (NatraFerrin), native- and apo- forms with iron saturation levels 
approximately 13% and 1% were provided by MG Nutritionals®, Burnswick, Australia. Sodium 
alginate (PE 12001-13.8 EN), GRINDSTED® Alginate FD 155 (M/G ratio 1.5) was donated by 
Danisco Australia Pty. Ltd., Sydney, Australia. The molecular mass was determined by U-tube 
viscometry using and the appropriate Mark-Houwink constant (Vold et al. 2006, Vold et al. 2007) 
and found to be 140 kDa. Bis (2-hydroxymethyl) iminotris-[hydroxymethyl] methane) (bis-tris) 
(purity > 98%), potassium chloride, sodium hydroxide, sodium acetate (trihydrate), Trizma® base 
and glycine were purchased from Sigma Aldrich Co., Castle Hill, Australia (purity > 99 %). Acetic 
acid (99%), hydrochloric acid (concentration ~ 31.5%) and methanol (99.8%) were from Labtek 
Pty. Ltd., Brendale, Australia. Sodium dodecyl sulphate (SDS) and glycerol, both of analytical 
grades were bought from Amresco, Solon, USA and Ajax Finechem Pty. Ltd., Taren Point, 
Australia respectively. The dyes, bromophenol blue and Coomassie brilliant blue G-250 were from 
Bio-rad, Gladesville, Australia. Millipore water was used for all experiments. All chemicals used in 
this study were of analytical grade. Lactoferrin having 50% iron saturation level and holo-Lf were 
prepared in the laboratory according to the method described by Bokkhim, Tran, Bansal, GrØndahl 
and Bhandari (2014). 
5.2.2 Methods 
The Lf-alginate mixtures (2 % wt/wt) at 1:1 mixing ratio were prepared in Millipore water, allowed 
to stand at room temperature (22 ± 2 ˚C) overnight and freeze dried (Christ, ALPHA 1-4 LSC, 
Osterode, Germany). Control samples of dry mixed Lf and alginate (1:1) were also analysed. Infra-
red spectra were recorded on a FTIR 100 series Perkin-Elmer spectrometer fitted with a deuterated 
triglycine sulphate (DTGS) detector using the Universal attenuated total reflectance (ATR) mode. 
Spectra were recorded at ambient temperature (22 ± 2 ˚C) on solid samples at a resolution of 4 cm-1 
and a scan number of 32 over the range of 4000 − 650 cm-1 with air as background. FTIR spectra of 
freeze dried Lf samples were similar to that of commercial as received samples (data not shown).  
The structural conformation of Lf in the Lf-alginate solutions was studied by CD spectroscopy. The 
spectra of Lf, alginate and Lf-alginate mixtures (1:1) in aqueous solution were recorded in aqueous 
solution with Millipore water as the background in the wavelength region 250 − 350 nm using a 
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Jasco J-710 spectrometer with a J-700 Spectra manager software. Lf and alginate samples were 
diluted to 0.25% while Lf-alginate mixtures were diluted to 0.50% for analysis. The measurements 
were made at ambient temperature (22 ± 2 ˚C) and the ellipticities were expressed as Milli degrees.  
Surface charge properties of the Lf, alginate and Lf-alginate mixtures were measured using NanoS 
Zetasizer based on electrophoretic mobility of the particles. The solutions used for the 
measurements were acetate buffer (pH 4 and 5) and bis-tris buffer (pH 6 and 7) all with a final ionic 
concentration of 1 mM potassium chloride as well as water resulting in natural pH (the pH which is 
achieved upon dissolution of the protein). Solutions of Lf (apo-, native- and holo-) and sodium 
alginate were prepared in appropriate media (1% wt/wt). Lf was dissolved at constant stirring for 2 
hours at room temperature using a magnetic stirrer. Sodium alginate was dissolved using high shear 
homogeniser (IKA® RW 20 digital, USA) at 600 rpm for 30 minutes. The alginate solution was 
then heated in a water bath at 40 ˚C for 90 minutes to remove any trapped air bubbles. The Lf and 
alginate solutions were mixed in a ratio of 1:1 using the high shear homogeniser (~ 500 rpm for 5 
minutes). The mixture was allowed to stand at room temperature for 1 hour. The zeta (ζ) - potential 
was measured after diluting the mixtures 50 times.  
Lf and alginate mixtures were examined using 12% polyacrylamide precast continuous gels (Mini-
PROTEAN® TGXTM Precast Gels, BIO-RAD, Gladesville, Australia) under non-denaturing 
(native) conditions in a Mini-PROTEAN tetra cell system. The samples of Lf and Lf-alginate 
mixtures (2 % wt/wt) were diluted in Millipore water to achieve 1 mg/mL of protein (Lf) content. 
The loading buffer contained 70 mM Tris-Cl (pH 6.8), 31% glycerol and 0.01% bromophenol blue 
as the dye. The samples were diluted with the loading buffer in the ratio of 1:2 prior to loading in 
the precast gel. Diluted samples (5 µL) were loaded into the wells of the precast gel and 
electrophoresis was carried out at 200 V. The gels were fixed for 5 min, stained with Coomassie 
brilliant blue R-250 solution (34% methanol) and finally destained. The gel was scanned using Gel 
Densitiometer (GS-800 Calibrated Densitiometer, UMAX Technologies, Model UTA-2100XL, 
Taiwan) and analysed with Quantity One® software operating in Microsoft Windows® computer 
system. To evaluate the effect of holding time on complexation between alginate and Lf in aqueous 
solution, Native-PAGE was run for Lf-alginate mixtures (1:1) on different days; day 0 (immediately 
after mixing), day 1 and day 7. Apart from day 0, the mixtures were kept at 5 ˚C. In addition, 
Native-PAGE gels with alginate and Lf-alginate mixtures in equal mixing ratio (1:1) were stained 
using Periodic Acid Schiff (PAS) technique used for carbohydrate staining (Dubray & Bezard, 
1982). The gel was fixed in fixative solution for 5 minutes followed by 1% periodic acid solution 
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dip for 10 minutes. It was then rinsed with Millipore water twice for an interval of 10 minutes each 
and was dipped in Schiff’s reagent for 10 minutes. Finally the gel was allowed to remain in 
Millipore water overnight and scanned as described above. 
The apparent viscosity of the Lf, alginate and Lf-alginate mixtures at natural pH (unaltered) was 
measured by a Discovery Hybrid Rheometer (DHR-1; TA Instruments, USA) using TRIOS 
software at 20 ˚C under the shear rate of 25 s-1. A 40 mm, parallel plate, peltier plate steel geometry 
was used with a gap of 100 µm. Stock solutions of alginate (2 % wt/wt) and apo-, native- and holo-
Lf as well as Lf-50 (Lf having 50% iron saturation level)  (2 % wt/wt) were prepared in Millipore 
water and mixed at different ratios to achieve total Lf content of 25, 50, 60 and 75 % of the final 2 
% total solid content in the mixtures. As controls, 2 % alginate stock solution was diluted with 
Millipore water to achieve total solid content of 0.5, 0.8, 1.0 and 1.5% (wt/wt). Furthermore, Lf-
alginate mixtures with similar mixing ratios but with different solid concentrations were prepared. 
Mixing was done using a high shear homogeniser (~ 500 rpm for 5 min) and the solutions were left 
at room temperature overnight before the measurement. In order to evaluate the contribution of 
addition of Lf to the viscosity of the mixture, the increase in viscosity due to Lf addition to the 
alginate solution was calculated as follows: 
 Contribution of Lf to viscosity = 	 
	 

	 

 ×  100%    (1) 
-ie. from the viscosity of 2% mixture containing x % alginate, viscosity of x % alginate was 
subtracted.   
The thermal properties of different forms of Lf in the presence of alginate in aqueous solution were 
studied by Differential Scanning Calorimetry (DSC1 STARe System, METTLER TOLEDO, 
Schwerzenbach, Switzerland) according to the method described by Bokkhim, Bansal, GrØndahl 
and Bhandari (2013). The Lf-alginate mixtures (2 % wt/wt) at 1:1 mixing ratio were prepared in 
Millipore water, allowed to stand at room temperature (22 ± 2 ˚C) overnight and freeze dried. The 
freeze dried Lf-alginate samples were rehydrated in Millipore water to achieve 10 % solutions. 20 
µL of rehydrated Lf-alginate mixtures were used for analysis. The temperature of maximum heat 
absorption (Tmax) and the enthalpy change of denaturation (∆Hcal) were determined from the 
transition peak using STARe Excellence Software (METTLER TOLEDO). It was not possible to 
prepare 10% Lf-alginate mixture by simply dissolving and mixing, thus freeze drying of the Lf-
alginate mixture was done. 
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5.2.3 Statistical analysis 
Zeta potential values and thermal properties are presented as mean ± SD of triplicate experiments. 
MiniTab 16 software was used to analyse the significance of differences between the values (where 
applicable) using Analysis of Variance (ANOVA) with Tukey’s HSD post hoc test at family error 
rate 5 at 95% confidence level.  
5.3 Results and Discussion 
This study investigated the properties of Lf-alginate mixtures prepared from different forms of Lf 
and at different mixing ratios with a constant final solid content of 2% at pH values of 4 − 7. This 
pH range was chosen based on the fact that Lf is unstable below pH 4.0 (Abdallah & El Hage 
Chahine, 2000), that the pKa of alginate is 3.4 − 3.7 and the pI of Lf is 7.8 − 9.5. Furthermore, this 
is the pH range most commonly encountered in food products. After combining the Lf and the 
alginate solutions, the mixtures were held at 4 ± 2 ˚C overnight to ensure equilibrium had been 
attained. Neither precipitation nor gelling was visible in the mixtures. The formation of soluble 
complexes is attributed to the mixing ratios studied for which the net charge of alginate far 
surpassed the charge of Lf. Relatively stable colloidal dispersions of a native-Lf-alginate system at 
pH 3 − 10 has previously been reported for aggregated Lf particles (Peinado et al., 2010).  
5.3.1 Chemical Characterisation 
FTIR spectra of alginate, different forms of Lf and their respective freeze dried composite Lf-
alginate mixtures (1:1) were analysed in the wavelength region of 1200 – 1750 cm-1. In addition, 
physical mixtures (eg. dry-mixed powders) of alginate and Lf (1:1) were run as control samples. 
The wavelength region chosen includes the amide I (1600 − 1690 cm-1), II (1480 − 1575 cm-1) and 
III (1229 − 1301 cm-1) bands of proteins (Kong & Yu, 2007) as well as the antisymmetric stretch 
(1595 − 1597 cm-1) and symmetric stretch (1407 − 1412 cm-1) of the carboxylate groups of alginate 
(Lawrie et al. 2007). Figure 5.1 (A, B & C) show the spectral data obtained. The amide I and amide 
II bands observed at 1637 − 8 cm-1 and around 1520  cm-1, respectively, for all three forms of Lf in 
the dry state are different to those reported for human-Lf in solution (1647 and 1577, respectively) 
(Hadden, Bloemendal, Haris, Srai, & Chapman, 1994), however, fall within the expected regions 
for amide bands.   
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For apo- and native-Lf it was possible to obtain representative spectra of the physical mixture (dry 
mixed powders) of Lf and alginate (1:1) as control samples, however, such a sample could not be 
obtained for holo-Lf as the consistency of the powder prevented proper mixing in the dry state. The 
physical mixtures show the addition spectra of the two macromolecules in which no intermolecular 
interactions occur. It can be seen in Figure 5.1 (A & B) that the major bands and shoulders in these 
samples are very similar to that of the two pure macromolecules but with an apparent shift in the 
amide I band to lower wavenumbers of around 7 − 8 cm-1 which is attributed to the underlying 
antisymmetric stretching of the carboxylate group of alginate. Importantly, in the freeze-dried 
samples prepared from mixing Lf with alginate (1:1) in solution and subsequent drying 
intermolecular interactions can occur, and here the amide I band is found in a similar position to the 
physical mixture indicating that there is no change in the secondary structure of the protein. 
Likewise, the apparent shift in the amide II band to higher wavenumbers by 17 − 10 cm-1 is 
attributed to an additive effect as the same trend was noticed for the physical mixtures. The position 
of the amide III band was not affected by the addition of alginate in the mixture.  
The antisymmetric stretch of alginate showed a shoulder in the physical mixture at a similar 
position as pure alginate (eg. at 1595 cm-1). However, in the freeze dried mixture a shift in this band 
towards higher wavenumber by 8 − 9 cm-1 was evident (Figure 5.1). Furthermore, the separation (∆) 
between the antisymmetric and symmetric stretching vibrations (Lawrie et al. 2007) change from 
188 cm-1 in alginate to 198 − 200 cm-1 in the freeze-dried samples and this is attributed to the 
carboxylate group of alginate interacting with Lf, most likely with the positively charged amino 
acid side chains. The spectral features for such amino acid side chains are unfortunately not well 
resolved but overlap with the amide vibrational modes. In a similar manner to these findings, 
different changes in the FTIR spectra of freeze-dried and physical mixtures have also been reported 
by Souillac, Middaugh and Rytting (2002) in a protein/carbohydrate mixture. Zhao et al. (2009) 
displayed in their work on bovine serum albumin added to sodium alginate in solution some shifts 
in the FTIR bands, however, in their work, the spectra were not compared to a simple addition 
spectrum of the two macromolecules. Overall, in agreement with the general observation that 
proteins electrostatically bind mostly with the carboxyl groups of the polysaccharides (Tolstoguzov, 
1991) the FTIR spectra indicate the presence of intermolecular interactions between  
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Figure 5.1 FTIR spectra of alginate, different forms of Lf and their respective mixtures (Lf-alginate = 
1:1); dry mixed & freeze dried mixture in the wavelength region 1750 – 1000cm-1. (A) Apo-Lf and its 
mixtures, (B) Native-Lf and its mixturesand (C) Holo-Lf and its mixtures. Alginate (), Lf (⋅⋅⋅⋅), dry 
mixed mixtures (− − −) and freeze dried mixtures (−⋅⋅−). As holo-Lf was not able to form homogenous 
mixture when dry mixed, the spectrum has been removed. 
Lf and alginate in the freeze-dried mixture involving the carboxylate groups of alginate, however, 
these interactions do not cause a change the secondary structure of the protein.   
Wavelength (nm)
260 280 300 320 340
CD
 
(m
de
g)
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
 
Figure 5.2 Circular dichroism spectra of alginate (•, black), apo-Lf (ο, red), native-Lf (∆, green), holo-Lf 
(∇, voilet), MA (■, navy blue), MN (□, brown), MH (◊, blue) in aqueous solution. M represents mixtures 
of alginate & Lf (1:1) where A (apo-), N (native-) & H (holo-) Lf. 
CD spectroscopy is a well-established tool for the assessment of changes to the tertiary structure of 
proteins-polyelectrolyte complexes (Kayitmazer, Seeman, Minsky, Dubin, & Xu, 2013). The CD 
spectra of alginate, different forms of Lf and their respective mixtures (1:1) in aqueous solution in 
wavelength region of 250 − 350 nm are shown in Figure 5.2. This wavelength region was chosen as 
it was where the ellipticity values of alginate in solution lie in the vicinity of zero and therefore 
allows evaluation of the Lf tertiary structure. All spectra showed the characteristic bands of Lf in 
the 250 − 350 nm region; a negative band centered at 270 − 272 nm, a band at 291 − 292 nm and 
one at 296 − 298 nm (Bokkhim et al., 2013). Within experimental error there was very good 
agreement between the spectra of each of the forms of Lf and their respective mixtures with alginate 
and no significant change in the maximum wavelength or ellipticity values was observed. This 
demonstrates that despite the intermolecular interactions that occur between the oppositely charged 
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Lf and alginate in aqueous solution, all forms of Lf retained their original tertiary structures. This 
result is in agreement with previous findings that oxidised sodium alginate does not induce a 
conformational change to BSA (Gao, Liu, Chen, & Chen, 2011).  
5.3.2 Physicochemical Characterisation 
The ζ-potential of native-Lf-alginate mixtures at different mixing ratios in the pH range 4.0 – 7.0 
was studied. The Native-Lf mixture displays a positive ζ-potential in this pH range in agreement 
with its pI value and it was found that the ζ-potential was significantly higher at pH 4 as seen in 
Figure 5.3A. In the absence of Lf, alginate displayed similar ζ-potential values in the pH range 
studied (Fig. 5.3A). With the addition of Lf, the negative charge decreased significantly (the ζ-
potential values of the mixtures were significantly different (P < 0.05) to that of the alginate 
solution at all pH values studied) and the decrease was larger at lower pH (Fig. 5.3A). This 
correlates with the significantly more positive charge of Lf at pH 4. In addition, it was noted that the 
higher the amount of Lf in the mixture, the larger was the numerical decrease in the ζ-potential 
value (Fig. 5.3B). A similar trend was noted when Lf was added to negatively charged β-
lactoglobulin-stabilized emulsions (Ye & Singh, 2007) and is in agreement with formation of 
electrostatic interactions between the two macromolecules (Ye, 2008). Since the largest decrease in 
ζ-potential was observed for the mixture with the alginate:Lf ratio of 1:1 (Fig. 5.3B) this mixing 
ratio was chosen for further experiments. Furthermore, the ζ-potential values of the native-Lf-
alginate mixtures were not significantly different at pH 4 and 5 or at pH 6 and 7. However, the ζ-
potential values of the mixtures at pH 4 or 5 were significantly different (P < 0.05) from that at pH 
6 or 7 (Fig. 5.3A). Based on this, the three forms of Lf were studied at pH 4 and 7.  
The ζ-potential of the three forms of Lf, alginate and Lf-alginate mixtures at pH 4 and 7 are 
presented in Figure 5.3C. The ζ-potential values for all three forms of Lf at both pH 4 and 7 were 
positive and the value for apo-Lf was significantly lower than that of native- and holo-Lf at both pH 
values in agreement with that previously reported (Bokkhim et al., 2013). In addition, ζ-potential 
values of all Lf solutions at pH 7 were much lower than at pH 4 as noted above for native-Lf. It was 
found that the Lf-alginate mixtures generated significantly different (P < 0.05) ζ-potential values 
than that of alginate at both pH values. The differences in ζ-potential for the different forms of Lf in 
mixtures were insignificant at both pH 4 and 7. It can be inferred that the negative charges of 
alginate were partly compensated by the addition of positively charged Lf. Thus, as can be seen 
from Figure 5.3C, a more positive ζ-potential of Lf at pH 4 resulted in higher charge compensation 
when added to negatively charged alginate solution leading to a significant decrease in the ζ-
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potential.  At pH 7, which is near the pI of Lf, the protein had a lower positive charge thus leading 
to lower charge compensation. The results obtained are in agreement with the formation of 
electrostatic interaction between all forms of Lf and alginate at both pH 4 and 7. The overall 
negative charge of the complexes similar to that of the polyelectrolyte alginate indicates that the 
outer layer of the complex is dominated by the polyelectrolyte (Peinado et al., 2010). 
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Figure 5.3(A) The ζ-potential values of native-Lf (ο), alginate (•) and Lf-alginate mixtures at 1:1 ratio () in pH range 
4.0 – 7.0 (1 mM KCl). (B) ζ-potential values of native-Lf-alginate mixture at different mixing ratios at pH 4 – 7 (1 mM 
KCl). Lf (♦), Alg (•), Alg:Lf=9:1 (ο), Alg:Lf=8:2 (),  Alg:Lf=7:3 (∆), Alg:Lf=6:4() & Alg:Lf=5:5 (). (C ) The ζ-
potential of apo-, native- and holo-Lf and their alginate mixtures at 1:1 ratio at pH 4 and 7. (D) The ζ-potential of apo-, 
native- and holo-Lf and their alginate mixtures at natural pH in mixing ratios of 1:1 (ie. 5:5) and 1:1.5 (ie. 4:6). 
The surface charge properties of the three forms of Lf, alginate and Lf-alginate mixtures at natural 
(unaltered) pH are presented in Figure 5.3D. From previous studies it has been found that pH of 1 % 
(wt/wt) natural apo-, native- and holo-Lf solutions are 5.7, 5.4 and 6.2, respectively (Bokkhim, et 
al., 2013). It was found that the ζ-potential of apo-Lf was significantly lower (5.3 ± 0.1 eV) than 
native- and holo-Lf (18 ± 1 eV and 22.3 ± 0.4 eV, respectively) under these conditions (Fig. 3D). 
Furthermore, it was found that the ζ-potential values of Lf-alginate mixtures at natural pH in 
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different mixing ratios (alginate:Lf = 1:1 and 1:1.5) were not significantly different from each other, 
but were significantly different from that of alginate at both mixing ratios (Fig. 5.3D). This lack of a 
discernable change in the ζ-potential values with the additional Lf in the mixture could indicate that 
a point of saturation of alginate has been reached or that the difference is too small to detect. In the 
following sections the mixtures were studied under natural pH conditions as this is most relevant to 
Lf encapsulation in alginate for its development as a pharmaceutical or food component.  
5.3.3 Evaluation of Relative Binding Affinity of Different Forms of Lf 
Evaluation of protein-polyelectrolyte interactions has traditionally used capillary electrophoresis 
and size exclusion chromatography (Kayitmazer et al., 2013). More recently, so-called gel 
retardation assays employing agarose gels have been used to evaluate complexation between DNA 
and chitosan (Masotti et al., 2007) and complexation between silk-polylysine block copolymers and 
plasmid DNA (Numata, Subramanian, Currie, & Kaplan, 2009) while heparin displacement assays 
employing native polyacrylamide gel electrophoresis has been used to evaluate complex stability 
for complexes between siRNA and PEI polyelectrolytes (Hobel et al., 2011). Common to these 
techniques is the ability to evaluate relative amounts of bound and unbound protein/polynucleotide. 
In the current study, Native-PAGE gel electrophoresis was explored as a means to evaluate to which 
extent alginate is capable of binding the different forms of Lf. The choice of native conditions for 
the gel electrophoresis experiment was based on the protein tertiary structure being retained under 
these conditions. In order to test this concept a gel was run with native-Lf at a constant amount in 
all lanes but in different mixing ratios with alginate and the result of a Coomassie blue stained gel 
(protein stain) is displayed in Figure 5.4A. It can be seen, that in all samples a protein band is 
appearing at the same position as the positive control (native-Lf in the absence of alginate, lane 1). 
Furthermore, in lanes containing alginate, varying amounts of Lf has remained on the top of the gel 
and the amount migrated (values indicated on the gel) increases with decreasing amount of alginate 
(from lane 2 to 10). This result is interpreted in terms of the Lf associated with alginate being 
prevented from migrating in the polyacrylamide gel (ie. it is being retarded) and remain at the top of 
the gel while un-bound Lf has migrated. This clearly demonstrates the validity in using native-
PAGE to evaluate (relative) binging of Lf to alginate. It should be noted, that over the mixing ratio 
range studied there is a 100 fold difference in the molar ratio of alginate to Lf and this is not linear 
which explains the non-linear trend in the amount of migrated Lf with mixing ratio. Furthermore, 
this result agrees with the lack of a discernable change in the ζ-potential values for the two mixing 
ratios evaluated in Figure 5.3D. 
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Figures 5.4 (A) Native-PAGE of Native-Lf and its mixture with alginate (MN) in different mixing ratios 
(alginate: native-lf). (B) Native-PAGE of different forms of Lf (apo-, native & holo-) and their mixtures 
(MA, MN & MH) in equal mixing ratio (1:1) at different storage days (0, 1 & 7). The values from the 
densitiometer analysis (relative amount of Lf migrated from the mixture) are given at the bottom of the gels. 
Subsequently, Native-PAGE gel electrophoresis was used to evaluate relative binding affinity of the 
different forms of Lf to alginate. The result shown in Figure 5.4B was obtained at a constant mixing 
ratio of 1:1 and a constant amount of Lf in all lanes and the protein stained using Coomassie blue. It 
can be seen that all forms of Lf appear at the same position as the respective positive control 
samples (lanes 1, 5, 9). Furthermore, the effect of holding time over 7 days was evaluated. Within 
the experimental error, there was no significant difference in the amount of Lf migrating with 
different loading time for either apo-Lf (lanes 2 − 4), native-Lf (lanes 6 − 8) or holo-Lf (lanes 10 − 
12). Therefore, the amount of the different forms of Lf bound to alginate was evaluated from the 
average values from the three time points and found to be 76% for apo-Lf, 60% for native-Lf and 
60% for holo-Lf. Repeat experiments (data not shown) consistently showed that a larger amount of 
protein was retained in the apo-Lf complex compared to the other proteins. A separate gel was run 
and stained with PAS (polysaccharide stain, Supplementary Figure S-5.1). This experiment showed 
that for all proteins a similar amount of alginate was retained for the complexes relative to the pure 
alginate sample.  It can thus be concluded that alginate displays higher binding capacity (larger 
number of protein molecules per alginate polymer) for apo-Lf than for the other forms of Lf. This 
result correlates with the surface charge properties of the different forms of Lf at natural pH. Thus, 
apo-Lf is close to its isoelectric point while the two other forms of Lf have similar positive surface 
charge (Fig. 5.3D).  While one study found that proteins with higher (and opposite) charge resulted 
in more binding events with polyelectrolytes (Vinayahan, Williams, & Phillips, 2010), another 
study has shown, that not only the overall charge but also the charge distribution of proteins affect 
their interactions with polyelectrolytes (Xu, Mazzawi, Chen, Sun, & Dubin, 2011). In the current 
study it appears that the higher capacity for alginate to bind apo-Lf compared to native- and holo-Lf 
is related to fewer intermolecular interactions between alginate and apo-Lf. Considering that the 
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strength of interaction between oppositely charged biopolymers is enhanced when the net charges 
of the biopolymers are increased (Ye, 2008), this in turn leads to the prediction that weaker 
interactions exist between alginate and apo-Lf than the other forms of Lf.  
5.3.4 Properties of Mixtures Resulting from Intermolecular Interactions 
The polysaccharide alginate is expected to affect the viscosity more than the protein Lf (Schmitt, 
Sanchez, Desorby-Banon, & Hardy, 1998). However, electrostatic interactions between Lf and 
alginate can affect the apparent viscosity of their mixtures. It should be noted that the change in 
viscosity might not always result from an electrostatic interaction but also from other intermolecular 
interactions and hydration properties of the molecules involved. Mixing of polymers can influence 
the hydration property of a polymer in the mixture and there can be a synergistic (compatibility) or 
antagonistic (non-compatibility) effect (Tolstoguzov, 1991). When native-Lf (2% wt/wt) having 
very low viscosity (~ 2 mPa s) was added to an alginate (2% wt/wt) solution of high viscosity (~ 
1300 mPa s) at an equal ratio (1:1) (resulting in 1% alginate), the apparent viscosity of the mixture 
was found to be much higher (~ 1000 mPa s) than that of 1% alginate solution alone (~ 150 mPa s) 
but lower than that of a 2% alginate solution. This clearly showed that the viscosity of the mixture 
was not solely due to alginate and that Lf synergistically contributed to the increase in viscosity. If 
the result of mixing alginate and Lf had been an additive effect, the viscosity would have decreased 
to a value similar to that of the 1% alginate solution as the viscosity of the Lf solution is 
significantly lower than that of the alginate solution at the same concentrations. The results clearly 
indicated that intermolecular interactions between Lf and alginate have an effect on the viscosity of 
their mixtures.  
The effect of iron saturation levels on the viscosity change in mixtures with constant total solid 
content of 2% (wt/wt) was studied. From Figure 5.5A, it can be seen that with the increase in apo-
Lf, Lf-50 and holo-Lf content in the mixture from 25 to 75% (eg. mixing ratios of 3:1 to 1:3), the 
viscosity of the mixture decreased. However, the contribution of Lf on viscosity increments as 
calculated by equation 1 increased for the same series of mixtures (Fig. 5.5B). For native-Lf, on the 
other hand, the viscosity of the mixture increased along with its contribution to viscosity increment. 
Comparing the native-Lf, Lf-50 and holo-Lf at any Lf content, it can be seen that with an increasing 
level of iron saturation of Lf, the viscosity increment decreased. Considering that the iron ions are 
buried within the interdomains of the lobes of the protein (Brisson et al., 2007) they are unlikely to 
affect the intermolecular interactions. However, upon iron binding a change in tertiary structure of 
Lf is observed (Bokkhim, Tran, Bansal, GrØndahl, & Bhandari, 2014; Shimazaki, Kawano, & Yoo, 
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1991) which appears to affect the strength of intermolecular interactions with alginate and is likely 
due to the availability of exposed functional groups on Lf changing as a consequence of the change 
in tertiary structure. Considering that apo-Lf has the lowest iron saturation it would be predicted to 
have the highest impact on the viscosity increment, however, this was not observed. This can be 
related to these experiments being done at the natural pH of the Lf, and the fact that apo-Lf has a 
significantly lower ζ-potential compared to native- and holo-Lf under these conditions (Fig. 5.3D) 
thus decreasing electrostatic interaction with anionic alginate as concluded above. The native-Lf 
showed the maximum increase in viscosity of the mixture at any Lf content level. The amount of 
native-Lf bound to alginate for mixtures containing 50% or more native-Lf remain relatively 
constant (Figure 5.4A), yet, a large effect on viscosity is seen between 50, 60 and 75% Lf content. 
One explanation for this observation is that as the amount of alginate decreases relative to native-Lf, 
there will be less alginate available per Lf molecule which gives rise to network formation although 
not to an extent of visible gelling. This would cause the viscosity to increase with increasing 
amount of native-Lf in the mixture. The native-Lf is unique in displaying this property and this is 
contributed to a combination of optimal tertiary structure as well as optimal surface charge 
properties.  
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Figure 5.5 (A) Comparison of apparent viscosities (Pa s) at shear rate 25 s-1 of mixtures of alginate and Lf 
[apo-(A), native-(N), Lf-50 & holo-(H)] at different ratios (alginate:Lf of 3:1, 1:1, 1:1.5 & 1:3) at natural 
pH. (B) % Contribution of Lf to viscosity increase of these mixtures as calculated from equation 1. 
The changes in thermal properties of Lf in the Lf-alginate mixtures in aqueous solution at natural 
pH were studied by DSC. The temperature of maximum heat absorption (Tmax), also known as the 
denaturation peak, and the enthalpy change of denaturation (∆Hcal) were derived from the transition 
peak obtained from the DSC thermograms and the values are presented in Table 5.1. The 
denaturation peaks of apo-Lf and the second peak (mono- or di-ferric saturated) of the native-Lf 
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(Bokkhim et al., 2014) in the mixtures were not significantly different from their respective Lf 
samples. However, the denaturation peaks of the first (main) peak (iron free) of native-Lf and the 
peak of holo-Lf in the mixtures shifted significantly towards higher temperature as compared to 
their respective Lf samples. Though apo-Lf and the first peak (iron free) of native-Lf both are 
devoid of iron and similar in composition, the difference in their behaviour in the mixtures can be 
related to differences in the strength of intermolecular interactions with alginate as a result of their 
surface charge properties. The significant increase in the denaturation temperatures for native- and 
holo-Lf in their alginate mixtures is attributed to a larger number of electrostatic interactions as 
inferred from the PAGE gel electrophoresis data. The reason for the second peak of native-Lf not 
showing a significant increase in denaturation temperature can be attributed to the small amount of 
iron saturated Lf (mono- or di-ferric) present in the native-Lf (13%). In agreement with the current 
study, improved heat stability of Lf in the presence of negatively charged soluble soybean 
polysaccharide has been reported (Uneo, Ueda, Morita, Kakehi, & Kobayashi, 2012). Tolstoguzov 
(1991) pointed out that in a protein-polysaccharide mixture, increasing the amount of bound protein 
in the mixture gives rise to an increase in the denaturation temperature of the protein as compared to 
free proteins. Considering that only 60% of native- and holo-Lf is bound to alginate at the mixing 
ratio studied (1:1) and that this can be increased upon changing the mixing ratio (based on PAGE 
gel electrophoresis results), it is clear that alginate offers great opportunity for improving the 
thermal stability of Lf.  
The enthalpy change of denaturation (∆Hcal) for the main denaturation peak for all the mixtures 
significantly decreased as compared to their respective Lf samples. Though a higher temperature 
was needed to denature Lf in the mixtures attributed to intermolecular interactions, less heat energy 
was required to cause denaturation once the temperature of denaturation had been reached. Previous 
studies reported in the literature have made disparate observations with regards to the effect of 
polyelectrolytes on protein stability. A study of mixtures of polysulfoanions and clyceraldehyde-3-
phosphate dehydrogenase (GADPH) found that these polyelectrolytes cause a decrease in 
denaturation temperature and that polysaccharide-based polyelectrolytes had the least of an effect 
(Stogov, Izumrudov, & Muronetz, 2010). Likewise, synthetic anionic polyelectrolytes when 
complexed with lysozyme, chymotrypsinogen and GADPH were found to significantly reduce the 
thermal stability of the protein (Inivova, Izumrudov, Muronetz, Galaev, & Mattiasson, 2003). In 
contrast, Burova et al. (2002) has made similar observations to the current study. They reported a 
lowering of the denaturation enthalpy for complex of soybean tripsin (Kunitz) inhibitor (STI) and 
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dextran sulfate at pH 3 and an increase in denaturation temperature of STI when complexed with 
pectin having low degree of esterification.  
Overall, these and the current study highlight the importance of evaluating the thermal stability of 
protein/polyelectrolyte complexes before proceeding for technological application. Furthermore, the 
current study have shown that while alginate does not enhance the thermal stability of Lf, it does 
lead to a higher denaturation temperature which is an important finding for the application of Lf-
alginate mixtures in food products.  
Table 5.1 
Thermal denaturation temperatures (Tmax) and enthalpy change of denaturation (∆Hcal) of Lf 
samples and Lf-alginate mixtures (1:1) (10% wt/wt).  
Sample Peak 1: Tmax1 ( ˚C) ∆Hcal 1 (J/g) Peak 2: Tmax2 ( ˚C) ∆Hcal 2 (J/g) 
Apo-Lf 
        70.7 ± 0.8c       13.2 ± 0.2C - - 
Mixture (Apo-Lf) 
 69 ± 1cd   8.1 ± 0.8D - - 
Native-Lf 60.5 ± 0.5e  14 ± 1BC 89.2 ± 0.5b  2.0 ± 0.1E 
Mixture (Native-Lf) 67 ± 1d   7.3 ± 0.7D 88 ± 2b   1.0 ± 0.1E 
Holo-Lf - - 91.3 ± 0.5b    21.0 ± 0.6A 
Mixture (Holo-Lf) - - 94.2 ± 0.4a 15.3 ± 0.9B 
Mean values of Tmax and ∆Hcal (vertical column) that do not share a letter are significantly different at P < 0.05. 
5.4 Conclusion 
The results of this study have demonstrated that the anionic polysaccharide alginate has the 
potential to be a successful carrier material for different forms of Lf since the protein is 
conformational stable in its mixtures with alginate. A number of the experiments probed the 
intermolecular interactions between alginate and the different forms of Lf. Specifically; the ζ-
potential data was consistent with charge compensation of the protein by alginate with the overall 
complex carrying a negative charge in the pH range of 4 – 7. It was shown from the FTIR spectra 
that the COOˉ moieties of alginate are involved in the intermolecular interactions and the viscosity 
of the mixtures furthermore gave strong indications of intermolecular interactions. In addition, it 
was found in this study that the form of Lf has a significant effect on both the binding affinity (from 
PAGE gel electrophoresis) and strength of interactions (from viscosity and DSC) in these 
complexes. This knowledge will be of great value when fabricating alginate-based delivery systems 
for Lf. 
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Supplementary Data for Chapter 5 
 
Figure S-5.1 PAS stained Native-PAGE of alginate, different forms of Lf (apo-, native- & holo-) 
and their composite mixtures; Mix (A), Mix (N) & Mix (H) respectively in equal mixing ratio (1:1). 
The values from the densitiometer analysis (relative amount of alginate eluted when pure or in 
mixture) are given at the bottom of the gel. 
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CHAPTER 6. 
CHARACTERIZATION OF LACTOFERRIN-ALGINATE BEAD 
PREPARED BY GEL ENTRAPMENT METHOD 
 
Abstract 
The potential use of lactoferrin (Lf) as a food ingredient is attracting increasing attention. 
Encapsulation of Lf in alginate gel beads can potentially enhance its stability and safe delivery. It is 
therefore important to understand the properties of alginate-Lf beads in order to develop a 
successful encapsulation method. Three different forms (apo-, native- and holo-) of bovine 
Lactoferrin (Lf) were encapsulated in alginate beads by the gel entrapment method using calcium as 
the cross-linking ion.A minimum of 40% alginate was required in the beading mixture to retain the 
form of a bead. Higher proportion of alginate reduced the water holding capacity and calcium 
uptake by the beads and these effects were similar for all forms of Lf. Longer cross-linking time led 
a greater amount of Lf and iron leaching from the beads and this was most pronounced for holo-Lf 
compared to apo- and native-Lf. The elastic modulus was affected by the composition (mixing 
ratio) of beads and not by the forms of Lf with decreasing elasticity of the beads with increasing 
alginate content which was attributed to the decreasing crosslinking density. The stability of the 
encapsulated Lf was evaluated based on the amount leached into pH adjusted Millipore water and 
was affected by pH (4 and 7) for holo-Lf but not for apo- and native-Lf. The relative rate of Lf 
leaching at pH 4 for the different forms of Lf was found not to directly correlate with the pI of the 
different forms of Lf.  
6.1 Introduction 
Lactoferrin (Lf) is an iron-binding glycoprotein (MW = 80 kDa) found in various biological fluids 
of mammals (Marnila & Korhonen, 2009) and it has many health benefits to humans and animals 
(Wakabayashi, Yamauchi, & Takase, 2006). Lf can bind iron with high affinity (KD ∼ 10-20 M) and 
can exist in either iron depleted (apo-) or in iron saturated (holo-) forms. In nature (native-), it exists 
as a mixture of apo-, holo- (Steijns & van Hooijdonk, 2000) and also monoferric Lf species 
saturated at either their N or C lobe (Brisson, Britten, & Pouliot, 2007). The iron binding ability 
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along with its cationic nature is responsible for a diverse range of physiological functions such as 
regulation of cellular growth and differentiation, intestinal iron homeostasis, host defence against 
microbial infection and inflammation, regulation of myelopoiesis, immunomodulatory and 
protection against cancer (Conneely & Ward, 2004; Guo, Pan, Rowney, & Hobman, 2007). These 
benefits enable Lf to be a potential supplement in commercial food products (i.e. infant milk, 
supplemental tablet, yoghurt, skim milk, and drinks). However, Lf can easily be denatured by heat 
treatment (Abe et al., 1991) and processing condition including storage, freezing/thawing, and spray 
drying (Naidu, 2006) thereby limiting its application. In addition, conditions such as pH, 
temperature and conductivity can affect the functional properties of Lf and furthermore, Lf is 
susceptible to degradation by proteolytic enzymes in the gastrointestinal tract of the human body 
(Onishi, 2011). Thus, a delivery system that protects Lf is required to be developed to deliver Lfas a 
food component for maximum health benefit.   
Alginate is a natural polysaccharide produced by brown algae (Phaeophyceae) and bacteria 
(Azobacter vinelandii). It is composed of unbranched binary copolymers of (1→ 4) linked β-D-
mannuronic acid (M) and α-L-guluronic acid (G) residues of widely varying composition and 
sequence (Draget, 2009). It has the ability to retain water and form viscous solutions, stabilize 
aqueous mixtures and form gels in the presence of divalent cations. Based on these biophysical 
properties, alginate has been classified as a food additive and has been used in food preparations as 
thickeners, emulsifiers and gelling and stabilizing agents (Brownlee, Seal, Wilcox, Dettmar, & 
Pearson, 2009). Because of its unique gelling properties under mild and non-toxic conditions, the 
use of alginate has been extended to biotechnological and biomedical applications such as 
encapsulation and immobilization of enzymes and live cells (Donati & Paoletti, 2009; Martinsen, 
Storrø, & Skjåk-Bræk, 1992).  
Alginates possess ion exchange property due to the presence of the carboxylic groups in both the M 
and G residues which have been shown to interact with cationic protein molecules electrostatically 
(Zhao, Li, Carvajal, & Harris, 2009). Examples of reported electrostatic interactions between the 
anionic alginate and cationic proteins include the proteins lysozyme and chymotrypsin (Wells & 
Sheardown, 2007) and Lf (Peinado, Lesmes, Andrés, & McClements, 2010). Such electrostatic 
interactions will affect the release of proteins from the alginate gel system. Furthermore, increased 
charge neutralization by positively charged components will cause a reduction in intramolecular 
repulsion between individual alginate chains such that the system will be able to adapt a tighter, 
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more compact configuration and thereby affect diffusional pathways (Stockwell, Davis, & Walker, 
1986). 
An alginate gel can be prepared by a simple diffusion method where a crosslinking ion is allowed to 
diffuse from a large outer reservoir into an alginate solution forming a single gel bead entrapping 
the active agent. Diffusion setting produces inhomogeneous alginate gels due to the formation of a 
sharp gelling zone moving from the surface towards the centre of the gel (Draget, 2009; Draget, 
Smidsrød, & Skjåk-Bræk, 2005; Draget & Taylor, 2011). An extrusion technique is used for the 
formation of gel particles by the diffusion method (Desai & Park, 2005) and is useful for 
encapsulation of heat labile active agents as they are completely surrounded by wall material (Pegg 
& Shahidi, 2007). The gelling process is influenced by several factors such as alginate 
concentration, molecular mass and the M/G sequence of the alginate, the ratio between gelling and 
non-gelling ions and the presence of complexing agents (eg. phosphates and citrates). In addition, 
gelation of alginate in a mixed system, where charged polymers such as proteins interact 
electrostatically under favourable conditions may lead to alterations in mechanical properties of the 
gel beads (Draget, 2009). 
Pore size and pore size distribution in alginate gels are of importance as they determine the 
diffusion properties. Anderson, Skipnes and Smidsrød (1977) reported that calcium-treated alginate 
forms networks characterized by a pore size between 5 and 150 nm. Diffusion of small molecules is 
not strongly affected by the alginate gel pore size, but thediffusion of larger molecules, such as 
proteins, is somewhat restricted, although proteins with molecular weight as high as 300 kDa are 
able to diffuse through the gel beads with a rate that depends on their molecular size (Tanaka, 
Matsumura, & Veliky, 1984; Donati & Paoletti, 2009). The M/G ratio of the alginate also affects 
the diffusivity of proteins in the gel matrix (Amsden & Turner, 1999). Diffusion within the gel 
depends on porosity, however, since the gel matrix is negatively charged, the influence of 
electrostatic forces between the matrix and the ionic substrates must also be considered (Martinsen 
et al., 1992). 
In this study, the gel encapsulation behaviour of different (apo-, native- and holo-) forms of bovine 
Lf in calcium alginate beads was studied. The physico-chemical properties of Lf are affected by its 
form (Bokkhim, Bansal, Grøndahl, & Bhandari, 2013) and the technological applications of Lf 
therefore, are likely to also be affected by the form of Lf used. This warrants for a detailed study of 
the different forms of Lf. In addition, the effect of alginate-Lf mixing ratio and crosslinking time on 
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the efficiency of encapsulation and physical and mechanical properties as well as stability of the 
beads were investigated.  
6.2 Materials and Methods 
6.2.1 Materials 
Native- and apo-bovine lactoferrin (NatraFerrin) with 13 and 0.9% iron saturation respectively were 
provided by MG Nutritionals®, Australia. Sodium alginate (PE 12001-13.8 EN, GRINDSTED® 
Alginate FD 155, M/G ratio 1.5) was donated by Danisco Australia Pty. Ltd., Australia. The 
molecular mass of this alginate as determined by U-tube viscometry using the appropriate Mark-
Houwink constant was found to be 140 kDa (Vold, Kristiansen, & Christensen, 2006; Vold, 
Kristiansen, & Christensen, 2007). Calcium chloride dihydrate (99%) and sodium azide (99.5%) 
were purchased from Chem-supply Pty. Ltd. and Sigma Aldrich Co., Australia, respectively. 
Millipore water was used in the preparation of all samples. Holo-Lf was prepared in the laboratory 
according to the method of Bokkhim, Bansal, Grøndahl and Bhandari (2013).  
6.2.2 Fabrication of beads 
Stock solutions (2, 3, 4 & 5%) by weight of alginate (Alg) and of Lf (apo-, native- and holo-) were 
prepared in Millipore water. Alginate was dissolved in Millipore water using a high shear 
homogenizer (IKA ® RW 20 digital, USA) at 600 rpm for 30 minutes. The alginate solution was 
then heated at 40 ˚C in a water bath for 90 minutes to remove any trapped air bubbles and then 
allowed to cool to room temperature. The Lf samples were dissolved in Millipore water under 
constant stirring using a magnetic stirrer for 2 hours at room temperature.  
The first series of beads were extruded by mixing alginate and Lf solutions of equal concentration at 
equal mixing ratio (1:1) to achieve the final solid contents of 2%, 3%, 4% and 5% in the mixture. 
Mixing was done at 600 rpm for 20 minutes. No attempts were made to adjust the pH or the ionic 
concentration of the mixtures. 3 mL of the mixtures were extruded into18 mL of 0.1 M calcium 
chloride (CaCl2) solution using 25G5/8ʺ (internal diameter ~ 0.26 mm) stainless steel 
PrecisionGlide® needles (Becton Dickinson and Co., USA) under constant stirring with a magnetic 
stirrer. The beads were allowed to crosslink in the CaCl2 solution for 30 minutes, removed from the 
crosslinking solution and subsequently washed three times with Millipore water and finally drained 
on a sieve.  
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The second series of beads were extruded as above but using 30G1/2ʺ (internal diameter ~ 0.16 mm) 
stainless steel PrecisionGlide® needles.  
The third series of beads were extruded by mixing alginate (2%) and Lf (2%) solutions in different 
ratios of Alg:Lf, specifically in the ratios 1:3, 1:1.5, 1:1, 1.5:1 and 3:1 using 30G1/2ʺ 
PrecisionGlide® needles.  
The term mixture should be understood as an alginate-Lf mixture and will be denoted as Mix in the 
captions for figures. In addition, alginate-Lf mixtures having apo-, native- and holo-Lf will be 
denoted by MixA, MixN and MixH, respectively. All the samples were prepared on weight 
percentage. 
6.2.3 Characterization of beads 
6.2.3.1 Bead size 
The extruded beads were measured for their diameter (mm). 20 beads of same composition were 
lined in contact in a straight row and the total length measured using a calibrated scale. The total 
length was divided by the number of beads to achieve the diameter of a single bead.  
6.2.3.2 Water holding capacity 
The water content (expressed as g water/g alginate) was determined as a measure of the water 
holding capacity of the beads. The weight of alginate or the alginate-Lf mixture used for extrusion 
as well as the weight of the extruded beads after draining was measured. The water content was 
calculated from equation 1. 
           Water content = .    .  	 
. 
                                          (1) 
Where Wt. of total dry matter = Lactoferrin and alginate in the beads. 
6.2.3.3 Bead composition 
The Lf content (%) of the beads was determined from the initial amount of Lf present in the 
alginate-Lf mixture and the amount of Lf which had leached out into the cross-linking CaCl2 
solution during bead formation. The absorbance at a wavelength of 280 nm was measured using 
UV-Visible Spectrometry (UV-Visible Spectrophotometer, Pharmacia, Ultrospec III, LKB, 
England) and the concentration of Lf determined based on standard curves which were plotted for 
119 
 
the different forms of bovine Lf. This was measured at two time-points: at 30 and 60 minutes of 
cross-linking to determine the effect of cross-linking time on the amount of Lf leaching from the 
beads.  
The iron content (%) of the beads was determined based on the iron content measured in the 
crosslinking CaCl2 solution by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES) (Varian Vista Pro Radial ICP-OES system, Melbourne, Australia).   
The calcium content (%) of the beads was quantified by ICP-OES measurement and used as a 
measure of the calcium uptake by the beads during their formation. The beads were freeze dried 
(Christ, ALPHA 1-4 LSC, Osterode, Germany) for 72 hours, acid digested and analyzed by ICP-
OES.  
6.2.4 Properties of beads 
6.2.4.1 Mechanical property (Young’s Modulus) 
To investigate the mechanical property in terms of elastic (Young’s) modulus of the extruded beads, 
the beads (2%) with mixing ratios(Alg:Lf) of 1:1.5, 1:1 and 1.5:1  were used. This range of mixing 
ratios was selected as a mixing ratio of 3:1 produced soft beads which disintegrated on handling. 
After extrusion, the beads were stored submerged in Millipore water for 24 hours prior to 
compression testing. A TA.XT Texture Analyser (Stable Micro Systems, UK) with TA10 Cylinder 
(D = 12.7 mm, L = 35 mm) was used for compression analysis. A single bead was compressed with 
a test speed of 0.1 mm/sec with a trigger force of 5 g. The bead was compressed to 20% of its 
diameter. The Young’s modulus was obtained from the gradient of the stress-strain curve. The 
gradient was calculated from the linear part of the slope (15 – 40% of total strain).  
6.2.4.2 Stability 
The amount of Lf leaching from the beads (Alg:Lf = 1:1) into Millipore water at pH 4 and 7 (22 ± 2 
˚C) for 6 weeks were determined  as a measure of bead stability. 2 grams of beads were placed in 20 
mL of pH-adjusted water. 0.02% of sodium azide was used as preservative in the beading mixture 
as well as in pH-adjusted Millipore water. The stability test of the beads was conducted under 
constant shaking at 240 rpm (IKA® KS 130 basic, GMBH & Co. KG, Germany). The amount of Lf 
leaching into the pH-adjusted water was determined at an interval of 1 week, using UV-visible 
spectrometry at 280 nm (Aitken & Learmonth, 1996) and corresponding Lf standard curves. 
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6.2.5 Statistical analysis 
For experiments with three or more replicates, significance of differences between the values was 
analyzed by Analysis of Variance (ANOVA) with Tukey’s HSD post hoc test, family error rate 5 at 
95% confidence level using MiniTab 16. The number of experiments is indicated by ‘n’ in the 
figures. 
6.3 Results and discussion 
6.3.1 Characterization of beads from alginate-Lf mixtures with equal mixing ratios 
Beads were extruded using two different sized needles (25G5/8ʺ and 30G1/2ʺ) from alginate-Lf 
beading mixtures, containing different forms of Lf, at equal mixing ratios. The concentration of 
CaCl2 in the cross-linking bath and time for cross-linking were kept constant at 0.1 M and30 min, 
respectively.  
 
Figure 6.1 Photographs of beads extruded through PrecisionGlide® 25G5/8ʺ needles. (A) Alg and (B) MixN (1:1) with 
different total solid contents.  
With a bigger diameter needle (25G5/8ʺ), an effect of solid matter content of the beading mixture on 
the size (bead diameter) was noticed only at and beyond 4% total solids (Fig. 6.1A & B). In 
addition, total solids content above 3% in alginate and 4% in alginate-Lf mixtures led to bead 
deformation (tailing), which is a very common phenomenon with viscous alginate solutions 
(Fundueanu, Nastruzzi, Carpov, Desbrieres, & Rinaudo, 1999). This shows that alginate beads were 
more prone to tailing than the alginate-Lf beads when compared beads of same total solid content. 
The diameter of the beads were 2.5 ± 0.2 mm, 2.6 ± 0.3 mm and 3.1 ± 0.3 mm for 2%, 3% and 4% 
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solid contents, respectively. A value for 5% solid content beads could not be obtained due to the 
irregular shape of the beads (Fig. 6.1A & B). 
When a smaller diameter needle (30G1/2ʺ) was used for extrusion of the beads having similar 
composition, the effect of total solids content on bead diameter (2.3 ± 0.3 mm) was negligible and 
no tailing was observed (Fig. 6.2A). When different forms of Lf (native- and holo-) were added to 
alginate, a change in bead colour was evident. While alginate beads are transparent those containing 
Lf were translucent and represented the colour of the alginate and Lf solutions from which they 
were produced. The colours of different forms of Lf powders were different; apo-Lf appeared white 
while native-Lf appeared light pink and holo-Lf reddish brown. They imparted similar colour to 
their respective beads. The beads with apo-Lf were opaque (Fig. 6.2B). The colour intensity 
increased with the total Lf concentration in the mixture (Fig. 6.2A). These visual pictures showed 
that Lf is retained by the beads. Because of the uniformity in size, PrecisionGlide® needle (30G1/2ʺ) 
was used for extrusion of beads for all further experiments. 
 
Figure 6.2 Photographs of beads extruded through PrecisionGlide® 30G 1/2ʺ needles. (A) Beads extruded 
from MixH (1:1) with different total solids content in the mixture. (B) Beads extruded from alginate-Lf 
mixtures (total solids content, 3%; 1:1) having different forms of Lf.Alginate beads (1.5%) were extruded as 
control. 
From Figure 6.3, it can be seen that alginate is the responsible component in the mixture for the 
water holding capacity of beads as adding Lf to the mixture did not significantly change the water 
content, eg. the water content of alginate-Lf beads was not significantly different (P > 0.05) 
compared to that of alginate control beads. With lower alginate content (in alginate control as well 
as in alginate-Lf beads), a higher water holding capacity of the beads was observed. Such a trend 
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has been widely reported (Yotsuyanagi, Ohkubo, Ohhashi, & Ikeda, 1986) and is related to a higher 
polymer density leading to partial collapse of the network and a reduction in pore size (Donati & 
Paoletti, 2009). The water holding capacity of the beads from mixtures having different forms of Lf 
was not significantly different (P > 0.05) at all concentration levels. This indicates that all alginate-
Lf beads would have similar pore size. 
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Figure 6.3 Water holding capacity of beads extruded from alginate-Lf mixtures (1:1). Alginate beads 
having total alginate content of 1, 1.5, 2 & 2.5% were extruded as controls.The collective bars for each 
group that do not share a letter is significantly differentat P < 0.05 (n = 3). 
6.3.2 Characterization of beads extruded from alginate-Lf mixtures with different mixing 
ratios 
6.3.2.1 Bead composition 
Beads extruded through 30G1/2ʺneedles from alginate-Lf beading mixtures (2%), containing 
different forms of Lf, at different mixing ratios (Alg:Lf of 1:3, 1:1.5, 1:1 and 3:1) were used in this 
section of the study. Evaluation of the amount Lf and iron leaching into the cross-linking solution 
was done for all four mixing ratios. The reason for considering 2% total solids in the mixtures was 
due to practical limitations because of viscosity increment. 
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6.3.2.1.1 Effect of cross-linking time 
The amount of Lf leaching into the cross-linking solution during bead formation is characterized by 
the Lf content of the beads (Supplementary Fig. S-6.1). Depending on the bead composition, the Lf 
content varied from 92 to 97%. The Lf detected in the solution can be attributed to Lf leaching from 
the gel beads into the bath solution during cross-linking (George & Abraham, 2006) or rapid escape 
of Lf into the solution at the initial stage of bead formation. When the cross-linking time was 
increased from 30 to 60 minutes, a larger amount of Lf had leached (about 2%) into the curing bath 
(Supplementary Fig. S-6.1). The additional leaching of Lf after cross-linking is attributed to Lf (80 
kDa) diffusing into the bath from the cross-linked beads as research has shown that molecules with 
molecular weight as high as 300 kDa can diffuse from alginate gel beads into the water system 
(Tanaka et al., 1984; Martinsen, Skjåk-Bræk, & Smidsrød, 1989; Donati & Paoletti, 2009). In 
addition, a trend was noticed that with increasing amount of alginate in the Lf-alginate mixture (eg. 
from Alg:Lf of 1:3 to 3:1), the leaching of Lf from the beads was lower (eg. resulted in higher Lf 
content, Supplementary Fig. S-6.1). This trend is attributed to a higher concentration of alginate in 
the bead leading to a denser matrix (eg. beads were all of the same diameter). For Lf-alginate beads, 
a crosslinking time of 30 minutes was subsequently adapted for preparation of the beads for further 
investigation. 
6.3.2.1.2 Effect of different forms of Lf 
The amount of different forms of Lf and iron that leaches into the cross-linking solution after a 
cross-linking time of 30 min are presented in Figures 6.4A and B, respectively. A clear trend was 
seen for the effect of form of Lf in the alginate-Lf mixture; the Lf content of holo-Lf being the 
lowest (Fig. 6.4A).  For all mixing ratios, the differences in Lf content of apo-Lf and native-Lf were 
non-significant (P > 0.05) but were significantly higher (P < 0.05) than that of holo-Lf. The iron 
content of the beads displayed the same trend. Iron retained by beads with apo-Lf was significantly 
higher (P < 0.05) than that of holo-Lf, whereas beads with native-Lf did not follow the trend (Fig. 
6.4B). It should, however, be noted that the determination of the Lf content is considered more 
accurate due to the higher absorbance values measured. This data indicate that the iron detected in 
the cross-linking solution is bound to the Lf. These values were verified from iron analysis by ICP-
OES and protein analysis by Dumas method conducted on the freeze dried beads (data not shown). 
The differences in the molecular structures of the different forms of Lf, in particular the structure of 
holo-Lf being more compact compared to the structure of apo- and native-Lf (Sánchez et al., 1992; 
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Brisson, Britten, & Pouliot, 2007) and the differences in their physico-chemical properties 
(Bokkhim et al., 2013) may be responsible for the differences observed.    
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Figure 6.4 (A) Amount of Lf remaining and (B) Iron remaining in beads prepared from mixtures (2%) having 
different forms of Lf (apo-, native- & holo-) and alginate in different ratios. The bars within the same column 
that did not share a letter are significantly different (P < 0.05) (n = 3).  
6.3.2.2 Water holding capacity 
The beads from section 6.3.2.1.2 were characterized for their water holding capacity except beads 
produced from the mixing ratio (Alg:Lf) of 1:3 which were excluded as they disintegrated during 
handling due to the low alginate content. Inclusion of any form of Lf from 25% (3:1) to 60% (1:1.5) 
in the alginate-Lf mixture (total solids content of 2%) did not significantly affect the water holding 
capacity of the beads when compared to the alginate control beads of similar alginate content (Fig. 
6.5). However, the alginate content in the mixture, affected the water held by the beads. Lower 
water content was observed for higher alginate content, which followed a trend similar to beads 
extruded with same mixing ratio but different solid contents (Fig. 6.3). This indicates that beads 
containing higher alginate content have a denser matrix. Higher water holding capacity correlated 
with softer beads, and as mentioned above the beads with 75% Lf (1:3) disintegrated during bead 
handling. From this experiment, it can be concluded that a minimum of 40% alginate is required in 
the Lf-alginate mixture (2%) to form firm beads.   
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Figure 6.5 Water holding capacity of beads prepared from mixtures (2%) with different composition. 
Alginate beads (0.8, 1.0 &1.5%) were extruded as control (n = 3). 
6.3.2.3 Calcium uptake by the beads 
The beads from section 6.3.2.1.2 [except for the mixing ration (Alg:Lf) of 1:3] were characterized 
with regards to the amount of calcium uptake during bead formation and the data for different 
compositions is shown in Figure 6.6. The calcium uptake by the beads having different forms of Lf, 
calculated on the basis of unit mass of alginate, was not significantly affected by the forms of Lf 
used in beading mixture but was significantly different from that of control alginate beads at mixing 
ratios 1:1.5 and 1:1. However, the difference diminished as the alginate content increasedto 75% 
(3:1). This showed that addition of Lf to alginate, thereby decreasing the alginate content in the 
mixture, increases the calcium uptake by the alginate component during bead formation at lower 
alginate content (below 75%). On the other hand, the calcium uptake by the alginate control beads 
having different final concentration was not significantly different (P > 0.05). An explanation for 
these observations is that the presence of protein in the alginate-Lf mixture delays the formation of a 
sharp gelling zone during gelation allowing calcium to diffuse relatively fast towards the centre of 
the bead, ultimately leading to a higher amount of calcium participation in crosslinking. The amount 
of calcium (mg) per unit mass of alginate (g) ranged from 109 ± 2 − 117 ± 4 for the controls alginate 
beads to 137 ± 5 − 147 ± 5mg/g for mixtures (1:1.5).These results are very similar to the values of 
160 ± 30 mg/g for beads prepared from a 2% sodium alginate (M/G ratio 1.5) in 0.27 M CaCl2 
reported by Tan et al. (2008). 
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Figure 6.6 Calcium uptake by beads extruded from different composition mixtures (2%). Alginate beads 
(0.8, 1.0 &1.5%) were extruded as control. The collective bars for each group that do not share a letter are 
significantly different at (P < 0.05) (n = 3). 
6.3.3 Properties of beads 
6.3.3.1 Mechanical property of extruded beads 
Beads containing native-Lf described in sections 6.3.2.2 and 6.3.2.3 formed from solutions with 
mixing ratios (Alg:Lf) of 1:1.5 and 1:1 as well as with a mixing ratio of 1.5:1 were characterized for 
their compressibility. As it was found that the water holding capacity and the calcium content of the 
beads were not significantly affected by the forms of Lf used, only native-Lf encapsulated in 
alginate was included in this experiment. The mechanical property, specifically the elastic modulus 
of the extruded beads is presented in Figure 6.7. It is evident that alginate beads show no significant 
difference in the elasticity of the gel beads when the concentration of alginate is increased from 0.8 
to 1.0% but the gel elasticity increases significantly when the alginate content is increased to 1.2%. 
This agrees with the previous results by Martinsen, Skjåk-Bræk and Smidsrød (1989) and 
considering that the beads showed the same level of calcium uptake (Fig. 6.6), it is attributed to the 
difference in their water holding capacity (Fig. 6.5). On the other hand, among the beads having 
native-Lf in their compositions, the elasticity of beads with 60% Lf (Alg:Lf = 1:1.5) were not 
significantly different from that of beads with 50% Lf (1:1) but significantly different (P < 0.05) 
from that of beads with 40% Lf (1.5:1). The form of Lf showed no significant difference in the 
elasticity of the beads (results not shown). This trend of decreasing elasticity of the beads with 
increasing alginate content for the alginate-Lf beads correlates with the higher crosslinking density 
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(eg. higher calcium uptake) seen for the 1:1.5 Alg:Lf beads (Fig. 6.6) and is consistent with 
previous reports (Martinsen et al., 1989). Furthermore, it can be seen that the alginate-Lf beads 
(1:1) are not significantly different than the control beads (1% alginate) yet by increasing or 
decreasing either Lf or alginate in the mixing ratio by more than 20%, the elasticity of the beads 
was significantly altered.  
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Figure 6.7 Mechanical property (Young’s Modulus) of alginate-Lf beads (2%) having different mixing 
ratios. Alginate control beads (0.8, 1.0 & 1.2%) were extruded accordingly (n = 6).  
6.3.3.2 Stability of extruded beads 
Beads described in sections 6.3.2.2 and 6.3.2.3 formed from solutions with a single mixing ratio 
(Alg:Lf) of 1:1 were characterized for their stability with respect to the amount of Lf leaching into 
pH-adjusted waterat two different pH values. The pH values were chosen so as to ensure that only 
diffusion process would take place. At lower pH (< 4.0), alginate gels become unstable due to 
proton catalyzed hydrolysis (Draget, 2009) and breaks down into lower molecular components 
(Gombotz & Wee, 1998). This will ultimately affect the crosslinking and stability of the beads and 
thereby the mechanism of release of Lf. The choice of a single mixing ratio was based on the Lf 
content following a similar trend for beads with different ratios (see Fig. 6.4).  The cumulative 
leaching of Lf from the alginate-Lf beads against time (days) at pH 4 and 7 is shown in Figure 6.8A 
and B, respectively, and is expressed in percentage based on the initial Lf content of the beads at day 
0. No significant effect of pH (4 and 7) was observed on the leaching of apo- and native-Lf from 
their respective beads, but the leaching of holo-Lf was significantly (P < 0.05) affected by pH and 
was higher at pH 7 than at pH 4. Leaching of a higher amount of holo-Lf at pH 7 as compared to pH 
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4 might be due to higher swelling ratio of alginate beads at neutral pH (Shi, Alves, & Mano, 2006). 
At the same time, it has been reported that holo-Lf has a more compact molecular conformation as 
compared to apo- and native-Lf (Sánchez et al., 1992; Brisson et al., 2007). Thus, the combination 
of the gel network size and the protein size might have contributed to leaching of higher amounts of 
holo-Lf at pH 7. Similar trends with respect to pH have been reported by Shi, Alves and Mano 
(2006) for the drug indomethacin and by Huguet and Dellacherie (1996) for bovine serum albumin.  
On the other hand, the amount of apo-Lf leaching from the beads was significantly higher than that 
of native- and holo-Lf at pH 4. It has been reported that a protein with a low pI may be released 
more rapidly from the alginate matrix (Gombotz & Wee, 1998). In our past research (Bokkhim et 
al., 2013), it was found that apo-Lf demonstrates a net charge of zero in pH range of 5.5 – 6.5, 
which is lower than the actual pI (8.5 – 9.5) of Lf. This means that while native- and holo-Lf have 
an overall positive charge at both pH values used in the current stability study, apo-Lf will have a 
positive charge only at pH 4. It thus appears that the relative rates of leaching at pH 4 are not solely 
related to the charge of the different forms of Lf. However, our previous study also concluded that 
apo-Lf has different physicochemical properties as well as iron binding capacity compared to native- 
and holo-Lf and it thus appears that the differences in Lf leaching for the different forms of Lf is 
related to more subtle differences between the proteins. The maximum amount of apo-Lf which had 
leached from the beads in 6 weeks did not exceed 9% of the initial Lf content in the beads and lower 
amounts were observed for the other forms of Lf. This indicates a high overall stability of Lf within 
the alginate gel matrix. 
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Figure 6.8 Cumulative leaching of Lf (%) from Lf-alginate beads (1:1) in Millipore water at different pH. (A) pH 
4 and (B) pH 7. MixA (−●−), MixN (⋅⋅○⋅⋅), MixH (−⋅⋅−▼−⋅⋅−). 
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6.4 Conclusion 
Lf (apo-, native- and holo-) can be encapsulated in alginate beads by the extrusion gel entrapment 
method. Alginate in the alginate-Lf mixture was found to be the major contributing factor in 
determining the water holding capacity of the beads, andit was inversely proportional to the alginate 
content in the mixture.It was found that a minimum of 40% alginate was necessary in the alginate-
Lf mixture to form firm beads. At low alginate content, the presence of Lf in the mixture led to an 
increase in calcium uptake by the beads.  The leaching of holo-Lf from alginate-Lf mixture during 
gelation was found to be higher than apo- and native-Lf and correlate with the leaching of iron.The 
gel strength of the beads could be significantly altered by increasing either alginate or Lf content by 
20% in the mixture. The cumulative leaching of apo-Lf from the beads into pH-adjusted water was 
less than 9% in 42 days and was higher than that of native- and holo-Lf at both pH values. This 
indicates a high overall stability of Lf within the alginate gel matrix. Apart from leaching of Lf 
during gelation and upon immersing the beads in pH-adjusted water, the form of Lf in the mixture 
did not generate significant differences in the properties of the beads. The findings of this study 
clearly showed that Lf can be encapsulated efficiently in alginate beads using gel entrapment 
method to produce beads with desired properties and can be used as the basis for commercial scale 
up.  
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Supplementary Figure for Chapter 6. 
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Figure S-6.1. Lf leached from the alginate-Lf beads (MixN; total solids 2%) at different mixing ratios, 
cross-linked for 30 and 60 minutes (n = 1).  
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CHAPTER 7: 
IN-VITRO DIGESTION OF DIFFERENT FORMS OF BOVINE 
LACTOFERRIN ENCAPSULATED IN ALGINATE MICRO-GEL 
PARTICLES 
 
Abstract 
Encapsulation of three forms of lactoferrin (Lf) (apo-, native- and holo-) was undertaken using the 
novel impinging aerosol technique (Progel). The micro-gel particles were produced from a 2% 
(wt/wt) solution of Lf and alginate (at equal mixing ratio) using 0.1 M CaCl2 as the cross-linking 
solution. An encapsulation efficiency of 68 − 88% was achieved based on the total amount of Lf 
entrapped in alginate micro-gel matrix. Increasing the CaCl2 concentration to 0.2 M reduced the 
encapsulation efficiency. An in-vitro digestion study conducted in simulated gastric fluid (SGF) and 
intestinal fluid (SIF) used pepsin and pancreatin (porcine) enzymes, respectively. Lf encapsulated 
micro-gel particles were able to retain significantly higher amount (76 − 89%) of Lf (apo- and 
native- forms) when digested in the SGF for 2 hours as compared to their corresponding un-
encapsulated pure Lf (41 − 58%). The effect of encapsulation on digestibility in SGF of holo-Lf 
was minimal. Digestion of all forms of Lf, pure or encapsulated, in the SIF was very rapid. Within 
10 min, apo- and native-Lf were completely digested, while holo-Lf, exhibited some resistance as 
less than 5% remained after 10 min. This study showed that encapsulating apo- and native-Lf in 
alginate micro-gel particles can provide protection from the action of pepsin in the SGF and allow 
their releases in the SIF.   
7.1 Introduction 
The possibility of supplementing different food products other than baby formula with lactoferrin 
(Lf) has generated much attention in recent years because of its ability to exert many health 
beneficial effects for humans. Antimicrobial, anti-inflammatory, immunomodulatory and anti-
carcinogenic effects are a few of the claimed health benefits of Lf (Legrand et al., 2008). These 
physiological effects of Lf are attributed by its strongly cationic nature (Brock, 2002) with or 
without the conjunction of its ability to bind iron with high affinity (KD ~ 10-20 M) (Moore, 
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Anderson, Groom, Haridas, & Baker, 1997). In addition, Lf can act as an iron carrier because of its 
iron binding ability and this has enabled its use as nutritional iron supplement (Steijns, 2001). 
Greater bioavailability of iron from Lf as compared to inorganic iron has been reported by several 
researchers (Ueno, Ueda, Morita, Kakehi, & Kobayashi, 2012; Hu et al., 2008).  
To enable the use of Lf as a food ingredient, apart from optimising the processing conditions, it is 
required that it can withstand the harsh gastrointestinal conditions to reach the site of digestion and 
absorbance, the small intestine in its bioactive state (Lönnerdal, & Kelleher, 2009). Researches in 
the past have shown that oral delivery of Lf leads to diminished effects due to its breakdown by 
gastric conditions (Steijns, Brummer, Troost, & Saris, 2001; Eriksen et al., 2010). Different forms 
of Lf, iron-free (apo-), iron-saturated (holo-) or native-Lf (composed of a mixture of apo- and holo-
Lf) (Steijns, & van Hooijdonk, 2000) and/or monoferric Lf (iron bound either in N or C lobe) 
(Brisson, Britten, & Pouliot, 2007) possess different physico-chemical properties (Bokkhim, 
Bansal, Grøndahl, & Bhandari, 2013). The differences in their molecular conformation and other 
properties can lead to difference in their resistance towards the harsh processing and gastrointestinal 
conditions. Research has shown that iron saturated holo-Lf is less susceptible to the gastric 
degradation (Steijns et al., 2001; Brock, Arzabe, Lampreave, & Piñeiro, 1976) and thermal 
denaturation (Sánchez et al., 1992; Conesa et al., 2008) compared to apo-Lf.     
In the food sector, microencapsulation has been in use for more than 75 years to entrap in a matrix 
or coat sensitive compounds such as vitamins, antioxidants, flavours, bioactives, enzymes, peptides, 
proteins and microbial cells (Pegg, & Shahidi, 2007; Millqvist-Fureby, 2009; Gombotz, & Wee, 
1998; Ding, & Shah, 2007). Various matrix materials such as starches, sugars, cellulose, 
hydrocolloids, lipids, and proteins have been used (Zuidam, & Shimoni, 2010). Encapsulation 
offers immobilization, protection, controlled release, structure and functionalization for sensitive 
compounds (Poncelet, 2006). Amongst these different microencapsulation materials, alginate gel 
particles have been reported to enhance the stability against processing and gastric conditions (pH 
and proteolytic enzymes) for a number of water insoluble and micro-particulate core compounds 
(Rayment et al., 2009; Brownlee, Seal, Wilcox, Dettmar, & Person, 2009).  
Alginate is a natural polysaccharide, composed of unbranched binary copolymers of (1→ 4) linked 
β-D mannuronic acid (M) and α-L-guluronic acid (G) residues of widely varying composition and 
sequence (Draget, 2009). Because of its biocompatibility, safety, low cost and ability to form gel 
particles under mild conditions in the presence of calcium ions, it has been extensively used for 
encapsulation and immobilization of sensitive active ingredients for food applications (Martinsen, 
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Storrø, & Skjåk-Bræk, 1992). In-vitro studies have shown that alginates retard the actions of a range 
of digestive enzymes by limiting the availability of the enzyme to the substrates (Brownlee et al., 
2009). Andresen, Skipnes, Smidsrød, Ostgaard and Hemmer (1977) reported that calcium treated 
alginate forms gel networks characterized by a pore size between 5 and 150 nm and allows the 
diffusion of water soluble components with molecular weight as high as 300 kDa, in and out of the 
calcium alginate gel  network (Tanaka, Matsumura, & Veliky, 1984; Pothakamury, & Barbosa-
Cánovas, 1995). Degradation of alginate gel networks in the presence of chelating agents (eg. 
citrates and phosphates) can also lead to release of encapsulated macromolecules such as proteins 
(Gombotz & Wee, 1998). Furthermore, alginate is an anionic polysaccharide and therefore 
electrostatic interactions (Draget, 2009) can occur in the presence of charged polymers (eg. cationic 
proteins such as Lf) leading to a sustained release of macromolecules from the gel particles (Wells, 
& Sheardown, 2007; Bokkhim, Bansal, Grøndahl, & Bhandari, 2014). Research has shown that 
electrostatic as well as other intermolecular interactions occur between Lf and alginate and that the 
extent of interactions is affected by the form of Lf (Peinado, Lesmes, Andrés, & McClements, 
2010; Bokkhim, Bansal, Grøndahl, & Bhandari, 2015). These interactions minimise the loss of 
entrapped Lf by diffusion, lower at pH 4 compared to pH 7 for native- and holo-Lf, thus ensuring 
the stability of Lf within the alginate gel matrix (Bokkhim et al., 2014). The release of encapsulated 
bioactive compounds from the alginate gel particles is governed by either diffusion or dissolution of 
gel particles or a combination of both (Kuang, Oliveira, & Crean, 2010). In-vitro studies conducted 
on alginate gel particles has reported that the gel particles were resistant to the gastric conditions 
while disintegrating in the intestinal conditions (Rayment et al., 2009) which render them as a 
potential vehicle for controlled delivery. 
The objective of this study is to encapsulate Lf in alginate micro-gel particles using a locally 
developed impinging aerosol technique (Bhandari, 2009) in order to develop Lf encapsulated 
micro-gel particles with enhanced technological properties for their potential use in food 
formulations. This continuous micro-gel forming device was previously researched to encapsulate 
probiotics and pharmaceutical products (Sohail, Turner, Coombes, Bostrom, & Bhandari, 2011; 
Hariyadi et al., 2012). In-vitro stability and release of Lf from the micro-gel particles were 
evaluated in simulated gastric and intestinal fluids in the presence of proteolytic enzymes pepsin 
and pancreatin, respectively.     
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7.2 Materials and Methods 
7.2.1 Materials 
Bovine lactoferrin (NatraFerrin), with iron saturation levels of approximately 1% (apo-) and 13% 
(native-) were provided by MG Nutritionals®, Burnswick, Australia. Sodium alginate (PE 12001-
13.8 EN), GRINDSTED® Alginate FD 155 (M/G ratio 1.5; molecular mass 140 kDa) was from 
Danisco Australia Pty. Ltd., Sydney, Australia. Calcium chloride dihydrate (99%), bile salts (from 
ox gall; BL038-25G), sodium chloride and tri-sodium citrate dihydrate were purchased from Chem-
supply Pty. Ltd, SA, Australia. Pepsin from porcine gastric mucosa (P6887; 3200-4500 units/mg 
protein), pancreatin from porcine pancreas (P-7545; Activity equivalent to 8 × U.S.P. specification), 
bis (2-hydroxymethyl) iminotris-[hydroxymethyl] methane) (bis-tris) (purity > 98%), monobasic 
potassium phosphate, sodium hydroxide, sodium acetate trihydrate, Trizma® base, sodium 
bicarbonate and glycine were purchased from Sigma Aldrich Co., Castle Hill, Australia (purity > 
99%). Acetic acid (99%), hydrochloric acid (concentration ~ 31.5%) and methanol (99.8%) were 
from Labtek Pty. Ltd., Brendale, Australia. Sodium dodecyl sulphate (SDS) was from Amresco, 
Solon, USA and glycerol was from Ajax Finechem Pty. Ltd., Taren Point, Australia. The dyes, 
bromophenol blue and Coomassie brilliant blue G-250, Mini-PROTEAN® TGXTM Gels (4 – 20%, 
15 wells comb, 15 µL) were from BIO-RAD, Gladesville, Australia. Cellulose acetate membrane 
filter (Ø = 47 mm, pore size = 0.45µm) was purchased from Advantec®, Toyo Roshi Kaisha, Ltd., 
Japan. All chemicals, unless otherwise stated, were of analytical grade. Millipore water was used 
for all experiments. Iron saturated holo-Lf (99.7%) was prepared according to the method described 
by Bokkhim, Tran, Bansal, Grøndahl and Bhandari (2014). 
7.2.2 Encapsulation of Lf in alginate micro-gel particles 
Two percent solids by weight solutions of sodium alginate (Alg) and the three forms of Lf (apo-, 
native- & holo-) were prepared separately in Millipore water. To dissolve sodium alginate, water at 
40 ºC was used. The solutions were prepared by mixing for 2 hours at 600 rpm using a high shear 
homogenizer (IKA ® RW 20 digital, USA) and allowed to stand at room temperature for another 2 
hours. Subsequently the alginate and the Lf solution were mixed at equal ratio (Alg:Lf = 1:1) and 
left standing overnight to remove any trapped air.  
Micro-encapsulated Lf-alginate particles were prepared using the impinging aerosol technique 
(Progel microencapsulating device, Bhandari, 2009) (Fig. 7.1). The Lf-alginate mixture was 
introduced from a nozzle into a close upright chamber at an air pressure of 500 kPa. A solution of 
calcium chloride (0.1 M) was introduced from another nozzle fitted at the bottom of the device at an 
air pressure of 200 kPa. The cascading fine droplets of 
the uprising fine mist of calcium chloride inside the device, thus creating gelled particles instantly. 
The micro-gel particles were collected from the bottom outlet along with the calcium chloride 
solution and allowed to cure in the cross
was collected using vacuum filtration with
no. 3, Japan). The product was washed twice with Millipore water to remove excess calcium, frozen 
and freeze-dried (Christ, ALPHA 1-
the calcium content in the cross-linking solution, 
produced using 0.2M CaCl2. Control blank gel particles were prepared from 2% alginate alone. 
freeze dried micro-gel particles were stored in 
until future characterization. Sample names are outlined in Table 
Figure 7.1 Schematic diagram showing the
The product recovery and encapsulation efficiency after freeze drying of the gel micro
were calculated from equation 1 and 2, respectively.
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the Lf-alginate mixture came in contact with 
-linking solution for 30 minutes. After curing, the 
 a filter paper (Advantec, Quantitative Filter Paper, Grade 
4 LSC, Osterode, Germany) for 72 hours. To study the effect of 
micro-gel particles of similar composition were 
an air-tight aluminium foil bag in a freezer 
7.1.   
 
 novel Impinging aerosol apparatus (Adapted from Ching 
 
product 
The 
(-18 ºC) 
et al., 2015).  
-particles 
140 
 
Product recovery = !"#$%& '( ()""*"+)#"+ ,#-)'$". /0)&#-."1
!"#$%& '( &'&0. 1'.#+1 #2 3(0.$#20&" ,#4&5)"
× 100%                                            (1) 
Encapsulation efficiency = !"#$%& '( /)'&"#2 #2 ()""*"+)#"+ ,#-)'$". /0)&#-."1
!"#$%& '( &'&0. /)'&"#2 #2 3(0.$#20&" ,#4&5)"
× 100%                   (2) 
7.2.3 Characterization of Lf encapsulated alginate micro-gel particles 
7.2.3.1 Calcium and protein content 
The micro-gel particles were characterized for their calcium and protein contents. The analyses 
were conducted on freeze dried micro-gel particles. The calcium content of the micro-gel particles 
was determined by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) (Varian 
Vista Pro Radial ICP-OES system, Melbourne, Australia) after digesting the micro-gel particles in 
nitric:perchloric acid (5:1). The calcium values were expressed per unit mass of alginate after 
deducting the protein from the total mass. The protein content was analyzed following the 
combustion protocol of Dumas method (Rayment, & Higginson, 1992) and the values are expressed 
in percentage of dry weight.  
7.2.3.2 Particle size measurement 
The particle size of the freshly prepared (non-freeze dried) micro-gel particles encapsulating native-
Lf were measured using a Mastersizer 2000 (Malvern Instruments Ltd., Worcestershire, UK). This 
method is based on laser diffraction by suspended particles in distilled water, at laser obscuration of 
≥ 15% and laser intensity ≥ 75%. The results are expressed in volume weighted mean, D (4,3). The 
freshly prepared micro-gel particleswere collected after filtration and washed with Millipore water. 
These washed micro-gel particles were re-suspended in Millipore water prior to particle size 
measurement. The particle size of freeze dried micro-gel particles after rehydration was also 
measured using the same method. All measurement were conducted at room temperature (22 ± 2 
ºC). 
7.2.4 In-vitro digestion of different forms of Lf 
7.2.4.1 Simulated gastric digestion 
The three different forms of Lf (apo-, native- and holo-) were digested in simulated gastric fluid 
(SGF) (0.2% NaCl solution in Millipore water, pH adjusted to 2.0 with 1 M HCl, 4500 U 
pepsin/mL). To 125 mg of Lf, 5 mL of SGF was added to achieve 180 U pepsin/mg Lf. The Lf 
samples were incubated at 37 ºC under constant horizontal shaking (100 strokes/min) (Julabo, SW-
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22, GmbH, Germany). After 30, 60, 90 and 120 minutes, 100 µL of the digested sample was 
removed and diluted with 2.4 mL of 0.1 M sodium bicarbonate solution (pH ~ 8.2) to achieve 0.1% 
Lf. The high pH was used to reduce the activity of the pepsin enzyme. This diluted digested sample 
was used immediately to prepare samples for SDS-PAGE gel electrophoresis (described below). 
7.2.4.2 Simulated intestinal digestion 
To study the effect of pancreatin on the different forms of Lf (apo-, native- & holo-), in-vitro 
digestion of Lf was done in simulated intestinal fluid (SIF) prepared according to US Pharmacopeia 
with slight modification in pH. 50 mg Lf was dissolved in 2 mL Millipore water. Then 2 mL of pre-
warmed SIF (37 ºC; 0.68% monobasic potassium phosphate; 0.5% bile salts; 1.0% pancreatin; pH 
8.5) was added, pH was adjusted to 7.5 and incubated at 37 ºC under constant horizontal shaking 
(100 strokes/min). After 10, 20, 30 and 60 minutes, 100 µL of the sample was removed and diluted 
with 1.15 mL of Millipore water to achieve 0.1% Lf.  This diluted digested sample was used for 
SDS-PAGE gel electrophoresis immediately. 
7.2.5 In-vitro digestion of encapsulated Lf 
7.2.5.1 Simulated gastric digestion 
The micro-gel particles were digested in SGF.To 250 mg of micro-gel particles (equivalent to 125 
mg Lf), 5 mL of pre-warmed (37 ºC) SGF was added (180 U pepsin/mg Lf). Samples were 
incubated in a water bath under constant shaking (37 ºC, 100 horizontal strokes/min) for a set length 
of time. After 30, 60, 90 and 120 minutes, the samples were filtered through cellulose acetate 
membrane filter (0.45 µm) under vacuum and washed with Millipore water. The gel particles were 
collected and dissolved in 12.5 mL of 0.1 M sodium citrate solution under constant shaking at 37 
ºC. The activity of the pepsin enzyme was reduced because of high pH of sodium citrate (~ 8.4). 
Once completely dissolved, 1 mL of the digested sample was further diluted with 9 mL of Millipore 
water to achieve 0.1% Lf content. This diluted mixture was the base sample for SDS-PAGE gel 
electrophoresis. As a control sample in SDS-PAGE gel electrophoresis, micro-gel particles which 
had not been exposed to SGF were dissolved in 0.1 M sodium citrate solution (0.5% Lf). After 
complete dissolution of the micro-gel particles, 1 mL of this solution was diluted with 4 mL of 
Millipore water (0.1% Lf).  
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7.2.5.2 Simulated intestinal digestion 
For in-vitro intestinal digestion, initial digestion of the encapsulated micro-gel particles (100 mg) in 
SGF (2 mL) was conducted according to Section 7.2.5.1 for 2 h at 37 ºC. Then, 2 mL of pre-
warmed (37 ºC) SIF was added. The pH was adjusted to 7.5 with 1 M NaOH (~ 60 µL). The entire 
sample was incubated at 37 ºC under constant shaking (100 horizontal strokes/min) for a set interval 
of time (10, 20, 30 & 60 min). At the end of the set time interval, the digested sample was diluted 
with 46 mL of Millipore water to achieve 0.1% Lf. This diluted samplewas instantly used for SDS-
PAGE gel electrophoresis. The samples from the SGF digestion (digested for 2 h) were used as 
controls in the SDS-PAGE gel electrophoresis.   
7.2.6 SDS-PAGE gel electrophoresis 
The amount of Lf remaining undigested in the SGF and SIF after the set length of time was 
determined by gel electrophoresis (SDS-PAGE) using 4 – 20% precast polyacrylamide gels under 
reducing conditions. 100 µL of each sample (0.1% Lf) described in Sections 7.2.4 or 7.2.5 was 
added to 200 µL of SDS-loading buffer (70 mM Tris-Cl, pH 6.8; 26%  glycerol; 2.11% SDS and 
0.01% bromophenol blue dye). Finally, 5 µL of β-mercaptoethanol was added to each sample. 
Subsequently it was heated at 95 ºC for 5 minutes. The dilution of Lf samples (0.1% Lf), mixing 
with loading buffer (1:2) and heating (95 ºC) were carried out continuously with very short time 
lapse in-between to minimize further digestion by the enzymes pepsin and pancreatin. These 
samples were kept frozen until loading onto the SDS-PAGE gels. 
The frozen samples were thawed, vortexed and 5 µL was loaded into the wells of a SDS-PAGE gel. 
Electrophoresis was conducted at 200 V for 47 minutes in a Mini-PROTEAN tetra cell system. 
Following this, the SDS-PAGE gel was dipped in a fixative solution (20% acetic acid in 40% 
methanol) for 5 minutes, drained and stained overnight under constant shaking (160 rpm) (IKA® 
KS 130B, GmbH & Co. KG, Germany) at room temperature (22 ± 2 ºC) with Coomossie brilliant 
blue R-250 solution containing 34% methanol. The SDS-PAGE gel was de-stained in de-staining 
solution (1% acetic acid) for 24 hours with 2 changes. Scanning of SDS-PAGE gel was done with 
Gel Densitiometer (GS-800 Calibrated Densitiometer, UMAX Technologies, Model UTA-2100XL, 
Taiwan). The amount of intact Lf was normalized based on the relative quantity of control Lf 
sample in lane T0 using Quantity One® software.  
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7.2.7 Stability of micro-gel particles 
Micro-gel particle stability and integrity during in-vitro digestion was observed by recording 
microscope images using an optical microscope (Prism Optical PRO 2300T, Scientific instrument, 
Brisbane, Australia). Images were recorded using the software TSView7 under an eye piece Plan 
achromat 10/0.25   at different time intervals during in-vitro gastric and intestinal digestion. The 
particle size distribution of the micro-gel particles during in-vitro digestion was also analyzed using 
Mastersizer 2000 as described above.  
7.2.8 Statistical analysis 
Results are presented as mean ± SD of triplicate experiments where applicable. For other 
experiments, the number is indicated by 'n'. The significance of differences between the values 
(where applicable) were analyzed by MiniTab 16 software using Analysis of Variance (ANOVA) 
with Tukey’s HSD post hoc test at family error rate 5 at 95% confidence level.  
7.3 Results and discussion 
7.3.1 Encapsulation of Lf in alginate micro-gel particles 
The encapsulation of Lf in alginate micro-gel particles using the Progel micro-encapsulating device 
gave the highest product recovery for the combination of a 2% Lf-alginate mixture (1:1) with 0.1 M 
CaCl2 as the cross-linking solution for native-Lf (86 ± 8%). The actual product recovery of the 
micro-gel particles containing apo-Lf and holo-Lf are not included here. During the atomization of 
the Lf-alginate solution with apo- and holo-Lf, it was observed that the micro-gel particle 
production was non-homogenous leading to a wide distribution of the particle size. In addition, in 
some instances aggregation of particles were observed. The difference in behavior of the different 
forms of Lf might be due to the differences in the viscosity of the mixtures. The viscosities of Lf-
alginate mixtures with apo- (721 ± 38 mPa s) and holo-Lf (514 ± 14 mPa s) were significantly 
lower than that with native-Lf (1297 ± 36 mPa s) (Bokkhim et al., 2015). In order to be able to 
compare the micro-gel particles with different forms of Lf, the same composition has to be used for 
all Lf-alginate mixtures. Thus we limited the encapsulation study to the mixing ratio of 1:1 and total 
solids content of 2%. In addition, from our previous study (Bokkhim et al., 2015), within the 2% 
total solids content of Lf-alginate mixture, changing the mixing ratio alone was not able to increase 
the viscosity of the mixtures with apo- and holo-Lf to the required level for improved encapsulation. 
Increasing the concentration of calcium in the cross-linking solution to 0.2 M improved the micro-
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gel particle formation process for Lf-alginate mixtures containing apo- and holo-Lf. However, the 
Lf entrapment efficiency was affected concomitantly presumably due to rapid gelation at higher 
calcium ion concentration. The colors of the gel particles were imparted by the colors of Lf used, 
and the difference in color of gel particles was very distinct in their freeze-dried powdered form 
(Fig. 7.2).  
 
Figure 7.2 Pictures of freeze-dried Lf and Lf-alginate micro-gel particles (Top row: Three forms of Lf; middle row: 2% 
Lf-alginate micro-gel particles formed using 0.1 M CaCl2; bottom row: 2% Lf-alginate micro-gel particlesformed using 
0.2 M CaCl2). M denotes the Lf-alginate mixture and A, N & H represent apo-, native- & holo-Lf, respectively. 1 & 2 
indicate the calcium chloride concentration used in the cross-linking solution, 0.1M and 0.2M, respectively). 
The colors of the freeze-dried powders of the micro-gel particles made using 0.2 M CaCl2 solution 
appeared lighter than the freeze-dried powders of the micro-gel particles made from 0.1 M CaCl2 
solution in agreement with the observed lower encapsulation efficiency. The loss of Lf in the filtrate 
solution which showed very light pinkish taint was also observed. Kim (1990) has shown that the 
use of higher calcium ion concentration during cross-linking of alginate causes a rapid shrinking of 
the alginate gel leading to formation of water cavities within the gelled layer of the particles due to 
rapid release of bound water from the alginate network. In agreement with this, studies have shown 
that the formation of a compact gel results when using high calcium ion concentrations and this is 
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associated with possible collapse of some junction zones leading to increased pore sizes (Donati, & 
Paoletti, 2009) and formation of inhomogeneous gel structure which can affect the permeability 
(Skjåk-Bræk, Grasdalen, & SmidsrØd, 1989; Bellich, Borgogna, Cok, & Cesàro, 2011). This 
ultimately will cause greater diffusion of Lf during micro-gel particle formation. In order to fully 
elucidate the effect of the physico-chemical properties of Lf on the gelation process using the 
Progel microencapsulating device, especially with regards to calcium ion concentration, further 
investigations would be required.   
7.3.2 Characterization of Lf-alginate micro-gel particles 
7.3.2.1 Calcium and protein content 
The calcium and protein content of the Lf-alginate micro-gel particles are presented in Table 7.1. 
Apart from the micro-gel particles having apo-Lf (0.1 M CaCl2), the calcium content of all other gel 
particles were not significantly different.  Increasing the calcium concentration (0.2 M) in the cross-
linking solution did not affect the calcium uptake by the micro-gel particles. The reason for higher 
calcium uptake by the micro-gel particles having apo-Lf (0.1 M CaCl2) is not very clearly 
understood. The control alginate micro-gel particles (2%) showed no significant difference in 
calcium content of Lf-alginate micro-gel particles produced using solution of CaCl2 at 0.1 M (81 ± 
7) and 0.2 M (85 ± 9).  
Table 7.1 
Calcium and protein content of freeze-dried micro-gel particlesprepared from 2% Lf-alginate 
mixture (1:1) using three forms of Lf and two concentrations of CaCl2 solutions. 
Sample name Protein form [Ca2+] (M) Calcium content 
(mg/g alginate) 
Protein content 
(%) 
Alg 1 None 0.1 
 80.7 ± 7.1B - 
Alg 2 None 0.2 
 85.1 ± 9.1B - 
MA 1 Apo-Lf 0.1 
       104.4 ± 2.2A 39.4 ± 0.5A 
MA 2 Apo-Lf 0.2 
  84.9 ± 1.6B 19.6 ± 6.5B 
MN 1 Native-Lf 0.1 
     92.0 ± 1.9AB 47.9 ± 1.9A 
MN 2 Native-Lf 0.2  
   86.6 ± 1.2B 20.4 ± 1.0B 
MH 1 Holo-Lf 0.1  
   81.6 ± 1.9B 48.0 ± 1.6A 
MH 2 Holo-Lf 0.2  
   81.5 ± 2.7B 12.9 ± 0.3B 
Mean values of calcium content and protein content (vertical columns) that do not share a 
letter are significantly different at P < 0.05. 
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The protein content of the micro-gel particles was significantly higher when lower calcium 
concentration (0.1 M) was used in the cross-linking solution. This illustrates the importance of 
gelation rate to retain the core material. When using a high calcium concentration (0.2 M) in the 
cross-linking mist, very rapid formation of densely cross-linked (Jao, Ho, & Chen, 2010) gel 
particles could lead to excessive leaching of the Lf.  
7.3.2.2 Particle size measurement 
The particle size of the micro-gel particles encapsulating native-Lf was measured using a 
Mastersizer 2000. The particle size expressed as volume weighted mean D (4,3), of fresh micro-gel 
particles prior to washing were significantly smaller (40 ± 1 µm) (P < 0.05) than the micro-gel 
particles after washing (70 ± 8 µm). This could be due to osmotic swelling during washing with 
Millipore water in the absence of calcium. The particle sizes of rehydrated freeze-dried micro-gel 
particles in Millipore water (at 22 ± 2 ºC) were not significantly different (66 ± 3 µm) from that of 
freshly washed micro-gel particles. Thus, the shape and size of the micro-gel particles were not 
affected by freeze-drying which is based on the rapid sublimation of frozen water from the frozen 
alginate gel particles. Microscopic pictures of unwashed, washed and rehydrated freeze-dried 
micro-gel particles are presented in Figure 7.3 (A, B & C). Freeze-drying helped to create a porous 
gel structure without significant collapse of primary micro-gel particles which recovered the 
original shape and size when rehydrated. A similar result has been reported by Smrdel, Gogataj and 
Mrhar (2008) for freeze-dried alginate particles.  
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Figure 7.3 Microscopic pictures of MN 1 gel particles A) As prepared, B) Washed & C) Freeze-dried & rehydrated in 
Millipore water. 
7.3.3 In-vitro digestion of encapsulated Lf 
7.3.3.1 Simulated gastric digestion 
The SDS-PAGE gel of apo-, native- and holo-Lf after 2 h in-vitro digestion in SGF (180 U 
pepsin/mg Lf) is presented in Figure 7.4A and that of Lf encapsulated in alginate micro-gel particles 
in Figure 7.4B. In both SDS-PAGE gel (7.4A & B), the major band in each lane corresponding    to 
75 kDa is the Lf. The lanes T0 represent the control samples, pure Lf at time 0 in the SDS-PAGE 
gel (7.4A) and encapsulated Lf at time 0 in SDS-PAGE gel (7.4B). Their corresponding amounts 
based on densitiometric analysis of the 75 kDa bands are taken as 100% to normalize the relative 
amount of Lf in other lanes. These lanes showing several minor bands at lower molecular mass 
could be due to the breakdown of Lf in the reducing conditions during sample preparation for SDS-
PAGE gel electrophoresis. In-vitro digestion of apo- and native-Lf produced major bands at the 
vicinity of 50 kDa and 15 kDa whereas holo-Lf produced major bands at 37 kDa but only minor 
A 
C 
B 
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bands at 50 kDa (Figure 7.4A). Similar bands were seen but at lower intensity for encapsulated Lf 
(Figure 7.4B). This showed that the action of pepsin on Lf does not always produce fragments of 
similar molecular mass with different forms of Lf. SDS-PAGE was not able to detect pepsin at the 
level of concentration used in the experiment. 
Comparative densitiometric analysis of the Lf and encapsulated Lf are presented in Figure 7.5. 
Among the samples of pure Lf, holo-Lf was more resistant towards pepsin digestion as compared to 
apo- and native-Lf. No significant difference between the values of undigested holo-Lf was noted 
for different time intervals, even after 2 h in SGF where 96 ± 0.2% holo-Lf remained intact. Apo- 
and native-Lf were more prone to pepsin digestion in the initial 30 min, but their concentrations 
remained the same thereafter in the SGF. The result showed that only 54 ± 6% of apo- and 57 ± 6% 
of native-Lf remained after 30 min in the SGF. Almaas, Holm, Langsrud, Flengsrud and Vegarud 
(2006) also reported similar trend where digestion of Lf from caprine whey by human gastric juice 
occurred within the initial 22 − 30 min and with no observable reaction thereafter.  These values are 
in agreement with an in-vivo digestion study of bovine Lf by Steijns, Brummer, Troost and Saris 
(2001), where 62% of apo-Lf and 79% of holo-Lf remained after 30 min. Iron saturated Lf has been 
reported to be more resistant to proteolysis than the corresponding apo-Lf (Brock et al., 1976; 
Brines, & Brock, 1983). It has been reported that the compact molecular conformation due to the 
binding of iron to the Lf, reduces its sensitivity to proteolysis (Sánchez et al., 1992).  
Among the samples of encapsulated Lf, the digestion profile was not significantly different for the 
different forms of Lf nor for different time intervals in the SGF. The micro-gel particles remained 
intact throughout the in-vitro digestion in SGF for 2 h (Fig. 7.6B) and a minimum of 76 ± 9% of the 
encapsulated Lf remained undigested. This showed that encapsulating Lf, especially apo- and 
native-Lf, in alginate micro-gel particles delays the action of pepsin by limiting its access to Lf 
thereby leading to lower Lf degradation. The intermolecular interactions which occur between Lf 
and alginate (Peinado, et al., 2010; Bokkhim et al., 2015; David-Birman, Mackie, & Lesmes, 2013) 
could have played a role in making Lf less available for pepsin degradation. It should be noted that 
during the gastric digestion, an increase in pH from 2.0 to 3.5 was observed for all types of micro-
gel particles. This increase in the pH will cause a lower activity of pepsin. Pepsin activity is 
maximum at pH 1.5 – 2.5 (Piper, & Fenton, 1965) and decreases by nearly 40% at pH 3.5 
(Johnston, Dettmar, Bishwokarma, Lively, & Koufman, 2007). However, even at this reduced 
activity, there is still a large excess of pepsin present (equivalent to 108 U/mg Lf). Some 
encapsulated Lf is being digested by pepsin, which is possible as either the peripheral Lf diffuses 
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out of the particles and become available to pepsin degradation or pepsin being small in molecular 
size (~ 35 Da), can diffuse inside the particles and act on the Lf, though at a slower rate.  
 
Figure 7.4 SDS-PAGE profile of Lf after 2 h in-vitro digestion in SGF of (A) apo-, native- and holo-Lf and (B) Lf from 
micro-gel particles MA 1, MN 1 & MH 1 at different time intervals (T in min). T0 represents the control sample in each 
group. The last lane is in each gel is the molecular marker (kDa). 
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Figure 7.5 Digestion profile of Lf (band at 75 kDa) based on densitiometric values after in-vitro digestion in SGF for 2 
h. The bars across groups that do not share a letter is significantly different at P < 0.05 (n = 2). 
7.3.3.2. Simulated intestinal digestion 
The in-vitro stability profile of the micro-gel particles through microscopic images is shown in 
Figure 7.6 (A, B & C). From these images, it can be seen that the micro-gel particles remained 
intact throughout the in-vitro digestion in the SGF for 2 h (Fig. 7.6B) whereas the particles 
disintegrated in the SIF (Fig. 7.6C). The presence of phosphate salts and a higher pH (7.5) in the 
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SIF could have led to the dissolution of the micro-gel particles. High pH and the presence of salts 
(phosphates, sodium etc.) have been attributed to the disintegration of alginate particles leading to 
burst release of encapsulated proteins, thus exposing it to the proteolytic enzymes (George, & 
Abraham, 2006; Shi et al., 2005). 
A B C 
Figure 7.6 Microscopic pictures of freeze-dried micro-gel particles (MN 1) during in-vitro digestion at (A) Time 0 
(SGF),(B) Time 2 h (SGF) & (C) Time 4 h (2 h in SGF + 2 h in SIF). 
Figure 7.7A and 7.7B show the SDS-PAGE gel of the different forms of Lf after 1 h in-vitro 
digestion in SIF and of encapsulated Lf during successive in-vitro digestion in the SGF for 2 h 
followed by 1 h in SIF, respectively. In both SDS-PAGE gels (7.7A & B), Lf appeared as the major 
bands in each lane corresponding to 75 kDa. The lanes T0 represent the control Lf samples without 
any digestion for SDS-PAGE gel (7.7A) and encapsulated Lf after 2 h in-vitro digestion in SGF for 
SDS-PAGE gel (7.7B). With pure Lf, in-vitro digestion of all Lf samples produced major bands at 
the vicinity of 50 kDa and 37 kDa with minor bands spread in-between 20 and 30 kDa. Some intact 
holo-Lf was still detected after digestion in SIF for 1 h but the amount decreased with time. 
Furthermore, with holo-Lf, the minor bands within the 20 – 30 kDa region were of higher intensity 
compared to apo- and native-Lf. Encapsulated Lf also produced similar bands to pure Lf but with 
additional minor bands below 20 kDa (Figure 7.7B). Loading of the pancreatin in the SDS-PAGE 
gels produced several bands, the most distinct at 50 kDa (amylase & lipase), four minor bands 
mostly present around 25 kDa (trypsin, ribonuclease & protease) and two very faint bands in-
between the 10 – 15 kDa range (SDS-PAGE gel profile image not shown). 
Comparative digestion profiles of pure Lf and encapsulated Lf by densitiometry is given in Figure 
7.8. The digestion of all forms of Lf by pancreatin was very rapid and after 10 mins both apo- and 
native-Lf were completely digested. Holo-Lf was showed some resistance to pancreatin digestion 
but the amount of holo-Lf remaining after 10 min was very low (< 5%).  It has been reported that 
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bile salts aid in the hydrolysis of intact proteins during in-vitro duodenal digestion (Martos, 
Contreras, Molina, & López-Fandiño, 2010). Brock, Arzabe, Lampreave and Piñeiro (1976) have 
reported that holo-Lf is sensitive to trypsin digestion and that only 6% Lf remained intact after 3 h 
digestion. The difference in survival time in our study can be attributed to the use of different 
enzyme combination and protein to enzyme ratio. 
 
Figure 7.7 SDS-PAGE profile of Lf after in-vitro digestion of (A) apo-, native- and holo-Lf in SIF for 1 h and (B) Lf 
from micro-gel particles MA 1, MN 1 & MH 1 in SGF for 2 h and subsequent digestion in SIF for 1 h at different time 
intervals (T in min). T0 represents the control sample in each group. The last lane in each gel is the molecular marker 
(kDa). 
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Figure 7.8 Digestion profile of Lf based on densitiometric values after in-vitro digestion in SIF. For pure Lf, digestion 
was done in SIF for 1 h and for the micro-gel particles MA 1, MN 1 & MH 1, digestion was done in SGF for 2 h with 
subsequent digestion in SIF for 1 h. The bars across groups that do not share a letter/symbol is significantly different at 
P < 0.05 (n = 2). 
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The digestion pattern for encapsulated Lf in the micro-gel particles was not significantly different 
from that of the corresponding Lf. This can be attributed to the low stability of the micro-gel 
particles in SIF where rapid disintegration was observed. This would have caused the Lf to be 
released into the digest making it prone to the action of pancreatin. Research has shown that intact 
Lf from Lf-alginate nano-particles, which survived the gastric digestion beyond 40 min, was 
subsequently digested in the duodenum.  
It has been shown that different concentrations of calcium in the cross-linking solution can give rise 
to differences in the calcium gradient which is produced during the formation of gel particles. Such 
different gelling zones affect the homogeneity of the particles (Donati & Paoletti, 2009). To 
understand the effect of the calcium gradient of the alginate micro-gel particles on the digestibility 
of encapsulated Lf, in-vitro gastric and intestinal digestion was conducted following the same 
protocol for micro-gel particles but using 0.2 M CaCl2. It was found that higher amounts of Lf was 
digested by the pepsin during in-vitro digestion in the SGF as compared to gel particles produced 
using 0.1 M CaCl2 (data not shown). The change in porosity of the micro-gel particles could be a 
contributing factor to this observation as it increases the accessibility of Lf to the action of pepsin 
along with possibility of higher Lf leaching.  The in-vitro simulated intestinal digestion profile was 
similar to that observed for the 0.1 M CaCl2 cross-linked micro-gel particles. The only difference in 
the behavior of the 0.2 M CaCl2 cross-linked micro-gel particles was an increased time for 
disintegration in the SIF. Thus, stronger micro-gel particles in this context, do not lead to greater 
resistance to proteolytic enzymes during in-vitro digestion.  
It was observed that the Lf and encapsulated Lf to some extent was digested in the SGF by pepsin 
into smaller peptide fragments (seen in the SDS-PAGE gels at the 2 h time-point, Fig. 7.4A & B). 
Furthermore, peptide fragments were formed by pancreatin and were still present after 1 h of SIF 
treatment (Fig. 7.7B). Research has shown that the pepsin hydrolysates, especially lactoferricin and 
lactoferrampin from Lf possess strong antimicrobial activity (Tomita et al., 2009; van der Kraan et 
al., 2004). Almaas et al. (2006) reported that the digestion products of pepsin and trypsin of porcine 
origin still conserve their antibacterial properties, though further degradation could lead to total loss 
of activity. In addition, research has shown that the iron binding capacity of holo-Lf is unaffected 
by proteolysis (Sánchez, Calvo, & Brock, 1992) by trypsin and chymotrypsin (Brines & Brock, 
1983). Wakabayashi, Yamauchi and Takase (2006) has claimed that partially digested bovine Lf 
peptides retain their biological activities and can exert various physiological effects similar to that 
of intact Lf. The current study has demonstrated that the encapsulation of Lf in micro-gel particles 
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can delay its hydrolysis by pepsin in SGF, such that it enters the SIF where it encounter further 
digestion by pancreatin releasing the peptides later in the digestion process as compared to un-
encapsulated Lf. The peptides originating from native- and holo-Lf remain in the SIF in 
considerable amounts for more than 30 min. Further work will be required to confirm that the 
digestion of encapsulated Lf maintains functional properties (antimicrobial and iron binding ability) 
as predicted based on the previous work described.  
7.4. Conclusion 
The novel impinging aerosol technique (Progel) was successful at producing Lf-alginate micro-gel 
particles with an encapsulation efficiency of higher than 68%. Calcium concentration of 0.1 M in 
the cross-linking solution was found to be optimum to encapsulate a 2% mixture of Lf-alginate 
(1:1) and increasing the calcium ion concentration to 0.2 M led to lower entrapment efficiency of Lf 
by the micro-gel particles. The micro-gel particles had similar calcium content (except for apo-Lf) 
regardless of the concentration of calcium in the cross-linking solution. The particle size of the Lf-
alginate micro-gel particles were not affected by freeze drying and rehydration. In-vitro studies 
showed that encapsulated Lf (apo- and native-) were more resistant towards the action of pepsin in 
the SGF as compared to their corresponding pure Lf, but the effect of encapsulation was not 
significant for holo-Lf. The action of pepsin in SGF on Lf was more pronounced in the initial 30 
minutes and the Lf concentration remained constant thereafter. The encapsulation of Lf did not 
provide any significant delay in the digestion of Lf in the SIF. Holo-Lf was more resistant towards 
the action of pancreatin in SIF, and the amount of intact holo-Lf remaining after the initial 10 min 
was less than 5%. The findings of this research clearly demonstrate that encapsulation of Lf in 
alginate micro-gel particles offers protection of apo- and native-Lf from pepsin, the enzyme of the 
gastric juice. In the presence of salts and high pH, the alginate micro-gel particles dissolve to 
release the Lf in SIF. Pancreatin partly digested the released Lf in SIF and the peptide fragments 
produced survived the simulated intestinal condition for more than 30 min.  
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CHAPTER 8: 
GENERAL CONCLUSIONS AND RECOMMENDATIONS 
 
8.1 General conclusions 
The commercial production of bovine Lf has led to its application as a functional ingredient in 
different commercial food products to tap its physiological beneficial functions on humans and 
animals. Successful encapsulation techniques have opened up a vast possibility of producing stable 
food bioactive ingredients or components for use in food products which guarantees their effective 
delivery when processed or orally consumed. Alginate, considered as a safe food additive is finding 
its way as a successful and compatible carrier material for encapsulation of many proteins and 
bioactive components because of its ability to form gels under mild conditions and withstand very 
low acidic and other aqueous environment.  This research was conducted to formulate an effective 
gel entrapment method to encapsulate different forms of bovine Lf in alginate gel structures to 
improve their stability and release properties.  
The physico-chemical properties of different forms of Lf were studied in order to understand the 
changes caused by the binding of iron to Lf. The effect of the form of Lf on the interactions with 
alginate was investigated to further elucidate the compatibility of alginate as a potential carrier 
material for encapsulating Lf. Based on the outcome of the interactions study; the basic parameters 
(mixing ratio, calcium concentration, cross-linking time, stability etc.) for gel extrusion 
encapsulation of Lf in alginate gel beads were defined.  Taking properties of gel extruded Lf-
alginate beads into consideration, micro-gel particles were produced using a novel impinging 
aerosol technique (Progel) and their stability and release properties were studied under in vitro 
digestion. 
The three forms of Lf (apo-, native- and holo-) were characterized based on their physico-chemical 
properties of colour, protein content, iron content, surface activity, thermal properties, particle 
charge and rheological properties. The binding of iron to Lf affected the tertiary structure of the 
protein but not the secondary structure. This led to the differences in some of their physico-
chemical properties. The intensity of redness (a*), temperature of heat denaturation (Tmax) and 
surface tension and viscosity of the aqueous solution increased with increasing level of iron 
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saturation. The point of zero charge for apo-Lf was found to be significantly lower (pH range of 5.5 
– 6.5) than the pI of native- and holo-Lf (pH range 8.0 – 9.0). These results showed that different 
forms of Lf display different physico-chemical properties and that must be considered in order to 
understand their interactions with other polymers.    
To develop a simple and reliable method to measure the level of iron saturation in Lf samples, the 
changes imparted to the physico-chemical properties (colour, thermal properties and tertiary 
structure) by the binding of iron to Lf were studied. A correlation between the level of iron 
saturation and the values were established. The Chromameter which measures the changes in colour 
in terms of polar coordinates (C* and h˚) was found to be the most reliable method. The DSC and 
CD methods could not detect the differences beyond 75% iron saturation.  
For a successful encapsulation method, it is essential that a carrier material or its matrix is 
physically or chemically interacting with the active compounds. The interactions between the 
different forms of Lf and alginate in aqueous solution were studied to probe the possible 
intermolecular interactions. FTIR, DSC, Native-PAGE gel electrophoresis and rheological studies 
showed that intermolecular interactions between the oppositely charged Lf and alginate do occur. 
The interaction and the binding affinity between the polymers affected the surface charge, heat of 
denaturation and viscosity of the complexes. The results obtained from this research were useful in 
the design of gel entrapment of Lf in alginate beads for further exploration of their stability and 
release properties. 
Three different forms of Lf were encapsulated in alginate gel beads (mean size ~ 2 mm) using a gel 
extrusion technique. Different mixing ratios and cross-linking times were examined to establish a 
proper combination to produce chemically and physically stable Lf-alginate complex beads. The 
study showed that a minimum of 40% alginate was required in the mixture to form a physically 
stable bead. Furthermore, addition of Lf into the mixture at higher quantity slowed down the 
formation of sharp gelling zone as higher amount of calcium was found to participate in the cross-
linking process. A minimum of 20% increase of either Lf or alginate in a 2% solid mixture of 
solution is required to have significant effect on the gel strength of the beads.  A cross-linking time 
of 30 minutes was found to be optimum to produce a stable gel bead with minimum loss of Lf due 
to leaching. The water holding capacity of the beads depended more on the alginate content than the 
forms of Lf used. The beads produced were physically stable at pH 4 and 7 and the overall leaching 
of Lf from the beads did not exceed 9% in 6 weeks. Based on these findings, it was concluded that 
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the mixing ratio of Lf and sodium alginate and cross-linking time play an important role in gel 
entrapment to produce stable Lf-alginate beads.     
Based on the conditions and characteristics of Lf-alginate beads (mean size ~ 2 mm) produced by 
gel extrusion method, micro-encapsulation of Lf in alginate micro-gel particles (mean size ~70 µm) 
were made using a novel impinging aerosol technique (Progel). The micro-gel particles were 
studied for their stability and release properties under in-vitro gastric and intestinal conditions. The 
Progel technique produced micro-gel particles with a mean diameter size of 70 ± 8 µm (D 4,3) 
which retained their size even after freeze drying (66 ± 3 µm) and subsequent rehydration in water. 
For a native-Lf-alginate mixture (2% total solids in solution) at an equal mixing ratio, a cross-
linking solution of 0.1 M CaCl2 was found optimum for micro-gel particle formation in the Progel 
encapsulator. The Lf encapsulated micro-gel particles exhibited delayed digestion of Lf in 
simulated gastric fluid by pepsin and in simulated intestinal fluid by pancreatin compared to their 
corresponding un-encapsulated apo- and native-Lf. However, the difference was insignificant as 
compared to un-encapsulated holo-Lf as iron saturation possibly resulted in a relative resistance to 
faster degradation in the simulated gastric condition. The encapsulated micro-gel particles remained 
intact throughout the digestion process in SGF but disintegrated in the SIF releasing the Lf making 
it prone to the action of pancreatin. From this study, it can be concluded that alginate gel 
encapsulation will be able to protect the Lf throughout the simulated gastric fluid whereas Lf will be 
released into the simulated intestinal fluid, where it should be available for absorption either as 
whole or fragmented forms.  
Finally, based on the results of this research, it can be concluded that alginate is a suitable carrier 
material to encapsulate apo- and native- forms of Lf for their protection and controlled release in the 
intestinal condition. The Lf encapsulated micro-gel particles produced using Progel technique were 
stable and alginate gel matrix provided protection to Lf from the harsh acidic and enzymatic 
conditions similar to that of a gastric condition. In the context of holo-Lf, it was able to withstand 
by itself such conditions and the encapsulation is not necessary for holo-Lf for these purposes. It 
was found that the encapsulated Lf is released in the simulated intestinal conditions with some 
delay in the action of pancreatin. Thus, encapsulation of Lf in alginate micro-gel particles is a 
pragmatic approach to improve the stability and targeted delivery.    
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8.2 Recommendations for future research 
This work has been successful in generating a fundamental understanding required to produce 
encapsulated Lf in alginate structures by extrusion and Progel techniques in the form of macro-
beads and micro-gel particles, respectively.  
In this research the three forms of Lf behaved differently, particularly in relation to digestibility and 
physico-chemical properties. Thus, study on the physico-chemical properties of different forms of 
Lf can be extended further to understand the mechanism why such differences occur, in part due to 
different level of binding of iron to Lf. This research could not fully explain the reason why the 
commercial apo-Lf showed a higher denaturation peak as compared to the major peak of native-Lf. 
If understood, this could unfold the minor changes which occurred during Lf production.  
This research was conducted using only one type of alginate (M/G ratio 1.5) because of its 
commercial availability and food grade. Similar research can be conducted using alginate of 
different composition especially low M/G ratio (0.25) to examine the molecular nature of 
electrostatic interactions that occur between Lf and the MM or GG blocks of alginate. 
Understanding the mechanism of interactions could further elucidate its effect on the release 
kinetics of Lf or ferric iron from the micro-gel particles in the GI tract.  
The Progel protocol to produce micro-gel particles from apo-Lf-alginate mixtures needs further 
optimisation. Though 2% solid contents in the Lf-alginate mixture (1:1) solution using 0.1 M CaCl2 
worked best for native-Lf, it was not optimal for apo-Lf. The mixing ratio (apo-Lf:alginate = 1:1.5) 
and adjusting the pH of the Lf-alginate mixture prior to encapsulation did not improve the results. 
Thus, research can be conducted to explore other options such as changing the control parameters of 
Progel encapsulator, adjusting pH of the Lf solution prior to mixing, changing the calcium 
concentration in the cross-linking solution, viscosity adjustment of Lf-alginate mixtures either by 
increasing the total solids content or addition of other aids etc. Apart from the above mentioned 
studies, research can be extended to improve the efficiency of the Progel encapsulator to produce Lf 
encapsulated micro-gel particles of smaller and more uniform sizes, which will provide better 
characteristics to food when added. In addition, the possibility of upgrading the Progel technique 
from the current semi-continuous to a continuous process can be studied. This will ultimately lead 
to reduction in production time for successful commercial application. 
Apart from iron, research have shown that human Lf can bind other metals such as chromium, 
manganese, cobalt, copper, zinc etc. and act as their carrier. Thus, there remains the possibility that 
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such metal ions of nutritional importance to humans and animals can be used to saturate the metal 
binding sites of bovine Lf. This will allow the Lf to be a functional component as well as a delivery 
vehicle to supply the human body with health beneficial metal ions. Thus, research can be 
conducted to explore this possibility. In addition, the effect of metal ions on heat and gastric 
stability can be studied from the aspect of technological application.  
The leaching of different forms of Lf from Lf-alginate macro beads at different pH (4 & 7) was 
studied and the results presented in Chapter 6. This study was limited to measuring the cumulative 
loss of Lf due to leaching after bead formation. Based on the cumulative leaching of Lf from micro-
gel particles as a function of time, if a mathematical model could be established, it would be useful 
to predict the diffusion of Lf out from the alginate matrix. This, will ultimately prove beneficial to 
estimate the loss of Lf due to leching as a function of different factors (time/pH etc.), when 
encapsulated Lf is used as food ingredient in different liquid food products.  
The results showed that Lf encapsulated micro-gel particles were able to protect Lf from the acidic 
and enzymatic conditions of simulated gastric fluid for 2 hours. The micro-gel disintegrated to 
release the Lf once it was subjected to the simulated intestinal fluid. This resulted in the exposure of 
Lf to pancreatin, which rapidly cleaved Lf into smaller fragments within the initial 10 minutes. 
Thus, it is important to extend the research to show that the Lf fragments produced as a result of 
pancreatin digestion still possess functional properties. Furthermore, research can be directed 
towards producing more stable Lf encapsulated gel particles which do not disintegrate rapidly in the 
intestinal conditions especially in the presence of gastric chelating agents. The possibility of coating 
the gel particles with other compatible cationic polymers to delay its degradation could be explored.  
Research has shown that pepsin and pancreatin from porcine origin are more effective in digesting 
Lf than human enzymes (Eriksen et al., 2010). It is important to study the digestion behaviour of 
encapsulated Lf in alginate gel particles in in-vivo conditions so that the actual fate of Lf in human 
gastro-intestinal tract can possibly be better interpreted. This will also provide a comparative 
difference between in-vitro and in-vivo digestion profiles of encapsulated Lf.  
Finally, this research was limited to studying the stability of gel particles under in-vitro digestion 
conditions. Studies can be conducted to study the stability of the micro-gel particles and 
encapsulated Lf in real products under different processing and storage conditions if alginate 
encapsulated Lf is developed as a food ingredient.  
 
